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Summary
All polyureas, polyurethanes, and urethane-containing copolymers were prepared without
using isocyanates or phosgene by polycondensation in bulk or solution. An important
aspect of this thesis was the use of easily accessible reagents, such as diamines (H2N–
(CH2)x–NH2; x = 2–6), amino alcohols (H2N–(CH2)x–OH; x = 2–6), diphenyl carbonate,
ethylene carbonate (EC), 1,2-propylene carbonate (PC), γ-butyrolactone, and glycerol.
1. [n]-Polyureas I were prepared from diamines and diphenyl carbonate or EC in a
molar ratio of 1:1. It was found that the reactivity of diphenyl carbonate is much higher
than that of EC and, therefore, the reaction temperature of both polymerization reactions
differs significantly. Furthermore, with EC as the carbonic acid source, the addition of a
catalyst, e.g., Bu2Sn(OMe)2, is necessary. An important side reaction is the formation of
dimethylene urea or trimethylene urea when 1,2-diaminoethane or 1,3-diaminopropane is
used. The microstructure of the resulting [n]-polyureas differs only by their end groups.
The molecular weights of the [n]-polyureas are low and they are semicrystalline materials
with high melting points (Tm ≥ 259 ◦C).
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2. Polyurethanes II and III were prepared from diamines and a cyclic carbonate (EC
or PC), or diamines, diphenyl carbonate, and a glycol (ethylene glycol or 1,2-propanediol)
in two steps. AA monomers, i.e., bis(phenyl carbamate)s, were prepared from diphenyl
carbonate and diamines which where then reacted with a BB monomer (ethylene glycol or
1,2-propanediol) to form polyurethanes. Alternatively, the polyurethanes were obtained
from AB monomers, i.e., bis(2-hydroxyethyl carbamate)s and bis(2-hydroxy-methyl-ethyl
carbamate)s which were prepared from diamines and EC or PC. The microstructure of
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the resulting polyurethanes differs by the content of urea groups in the polymer chains
and the end groups. The thermal properties of the polymers, as determined by means of
DSC measurements, shows that the polyurethanes with a pendant methyl group in the
repeating unit are amorphous or have a low degree of crystallinity compared with the
polyurethanes with an ethylene glycol moiety in the repeating unit. TGA measurements
show that the ethylene glycol or 1,2-propanediol moiety does not influence the thermal
stability of the polymers.
3. Polyurethanes with pendant hydroxy groups IV were obtained by the polyconden-
sation of (2-oxo-1,3-dioxolan-4-yl)methyl phenyl carbonate V with diamines in DMAc as
the solvent. The ratio of primary to secondary hydroxy groups was determined from the
1H NMR spectra and was found to be approximately 20:80. However, upon addition of
Bu2Sn(OMe)2 as a catalyst, this ratio changes to 74:26. The molecular weight of the poly-
hydroxyurethanes is not influenced by the addition of Bu2Sn(OMe)2 as a catalyst, and
moderate molecular weights (6 400 < M¯n < 8 700; 9 300 < M¯w < 13 700) and relatively
narrow molecular weight distributions (1.46 < M¯w/M¯n < 1.57) were found after purifica-
tion. The obtained polyhydroxyurethanes are amorphous materials. The glass transition
temperature decreases with increasing number of methylene groups in the diamine unit.
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4. From a retrosynthetic point of view, the polyurethanes II and III are alternating
copolymers of cyclic ureas and EC or PC. Because the seven-membered cyclic urea, i.e.,
tetramethylene urea (TeU), easily dissociates on thermal treatment to yield α-aminoalkyl-
ω-isocyanate, TeU was chosen as an appropriate starting material for the copolymerization
with EC and PC which are non-homopolymerizable monomers. The copolymerization was
in fact successful in the presence of dibutylmagnesium (Bu2Mg) as a catalyst, i.e., the mi-
crostructure of the obtained polyurethanes, as determined by means of NMR spectroscopy,
reveals an alternating sequence of building blocks. Small defects in the microstructure of
the polyurethanes arise from the formation of TeU–TeU diads.
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5. Furthermore, TeU is successfully copolymerized with mixtures of PC and EC. From
NMR spectroscopic data of the obtained polyurethanes VI, it is concluded that PC is
approximately five times less reactive than EC. However, it is possible to increase the
PC content in poly[(TeU–EC)-stat-(TeU–PC)] VI by increasing the fraction of PC in the
feed. 13C NMR spectroscopy reveals that a terpolymer with randomly distributed TeU–
EC/TeU–PC units is obtained. This conclusion is supported by DSC data, which show a
continuous decrease in Tm with increasing PC content.
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6. In addition, we tried to copolymerize TeU with γ-butyrolactone (γBL) or dimethyl-
ene urethane which are non-homopolymerizable monomers, too. However, only γBL can
be copolymerized with TeU, leading to an alternating poly(amide urethane) VII. Fur-
thermore, TeU is successfully copolymerized with mixtures of γBL and EC or PC. From
NMR spectroscopic data of the obtained terpolymers, it is concluded that the reactivity
of the five-membered cycles used increases in the following order: EC >> PC ≈ γBL.
It is possible to increase the content of γBL repeating units in poly[(TeU–γBL)-stat-
(TeU–EC)] or poly[(TeU–γBL)-stat-(TeU–PC)] by increasing the fraction of γBL in the
feed. 13C NMR spectroscopy reveals that TeU–EC or TeU–PC and TeU–γBL units are
randomly distributed in the polymer chain. This conclusion is supported by the thermal
properties of the polymers.
The reaction mechanism of the aforementioned copolymerization reactions was studied
with a blocked isocyanate model compound, i.e., phenyl 2-oxo-1,3-diazepane-1-carboxyl-
ate VIII, and revealed that the in situ compound IX—here illustrated for instance for
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the copolymerization of TeU with EC—with a nucleophilic group (the alcoholate group)
at one end and an electrophilic group (the intramolecularly blocked isocyanate group) at
the other end of the molecule is formed.
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7. This then led us to the idea to synthesize new AB monomers, i.e., N -(hydroxyal-
kyl)-2-oxo-1,3-diazepane-1-carboxamides X, from phenyl 2-oxo-1,3-diazepane-1-carboxyl-
ate VIII and amino alcohols. The influence of several catalysts (DABCO, Sn(octoate)2,
and Bu2Mg) and reaction temperatures (100–150
◦C) on molecular weight and microstruc-
ture of the obtained poly(urea urethane)s XI was studied.
8. (2-Oxo-1,3-dioxolan-4-yl)methyl phenyl carbonate V and phenyl 2-oxo-1,3-diaze-
pane-1-carboxylate VIII were, furthermore, reacted with triamines to yield compounds
XII and XIII with a secondary amine in the middle and reactive functional groups at both
ends of the molecule. The functionalization of secondary amines was first studied on model
compounds and showed promising results. This knowledge was then used to functionalize
the secondary amine of bis[6-(2-oxo-1,3-diazepane)carbonylaminohexyl]amine XIII with
succinic anhydride or acryloyl chloride. Subsequently, a polyurea with pendant carboxylic
acid groups or a polyacrylamide with pendant intramolecularly blocked isocyanate groups
was synthesized.
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9. Finally, we synthesized carbonyl bis(tetramethylene urea) XIV, which is a new
compound with the potential to act as a chain extender or blocked isocyanate, from
tetramethylene urea and phosgene.
Chapter 1
Polyureas and Polyurethanes: an
Introduction
The chemistry of polyureas and polyurethanes is extensive and well developed.[1–5] A
comprehensive study of the polyurethanes was made by Otto Bayer in 1947.[6] These, at
that time, novel structures were compared and proposed to compete with the two series
of aliphatic polyamides, the [n]- and [m,n]-nylons. Nowadays, polyurethanes as well as
polyureas are used in a broad range of applications, e.g., as elastomers, sealants, elasto-
plastics, foams, coatings, and adhesives.[1–5] In 2000, the total worldwide consumption of
polyurethane raw materials exceeded 5 million tons, which is about 4 times the amount
consumed in 1971, and was worth approximately US $ 17 billion.[3, 7]
1.1 Synthesis of Polyureas
Much of the early work on the synthesis of polyureas was carried out by Otto Bayer[6] in
order to produce alternative fiber-forming polymers analogous to the polyamides originally
patented by Carothers.[8] These linear polyureas were formed from aliphatic diamines
and possessed intrinsically high melting points (240–340 ◦C). Consequently, the polymers
were unstable at elevated temperatures required for melt spinning, due mainly to the
decomposition initiated by residual –NH2 groups at chain ends. Thus, only by 1962 and
in one case, namely poly(nonamethylene urea) or poly-9,1, commercial production was
achieved.[9]
Technically, the most important method used for polyurea formation is based on the
reaction between diamines and diisocyanates (Equation 1.1).[2] One immediate advantage
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of these step-growth polymerization reactions is that polyureas are formed without the
evolution of condensation by-products. Of the many diisocyanate compounds available,
the four which appear to have received most attention are hexamethylene diisocyanate 1,
toluene diisocyanate, used as a mixture of 2,4- and 2,6-isomers 2a and 2b, 4,4’-methylene-
diphenylene diisocyanate 3, and naphthalene diisocyanate 4. The synthesis and charac-
terization of these diisocyanates are well documented.[3]
Another method to prepare polyureas is based on reactions involving diamines and
carbonic acid derivatives such as carbon dioxide, carbonyl sulfide, metal carbonates, phos-
gene, and urethanes, ureas, and thioureas—the latter compounds being of minor impor-
tance (Equation 1.2).[2]
H2N (CH2)n NH2
+
CNH
O
(CH2)n
H
N
[n]-polyureaO
XX
CO2 / COS
X = OMt, Cl
+
m
(1.2)
Furthermore, the synthesis of [n]-polyureas was achieved by ring-opening polymeriza-
tion of the corresponding cyclic ureas (Equation 1.3).[10–12] Hall et al.[10] briefly mentioned
Polyurea and Polyurethanes: an Introduction 21
HN NH
O
H
N
N
H
O
HN NH
O
H
N
N
H
O
5
6
n
n
(1.3)
the ring-opening polymerization of the five- as well as the seven-membered cyclic ureas,
dimethylene urea (DU, 5) and tetramethylene urea (TeU, 6), in the melt with sodium
or sodium hydride as a catalyst or, for TeU, by heat alone. Our group confirmed the
aforementioned ring-opening polymerization reactions and fully characterized the reaction
products. The ring-opening polymerization of DU was achieved in the melt at 140 ◦C in
the presence of strong bases, e.g., sodium hydride, sodium hydroxide, potassium naph-
thalene, sec-butyllithium, dibutylmagnesium, and diethylzinc, while catalysts based on
aluminum [Al(OsecBu)3], tin [Bu2Sn(OMe)2 or Bu2SnLau2], and titanium [Ti(OisoPr)4]
were catalytically inactive.[11] The ring-opening polymerization of TeU was achieved in
DMF solution at 140 ◦C or in the melt at 180 ◦C in the presence of strong bases.[12]
1.2 Synthesis of Polyurethanes from Diamines, Diols,
and Phosgene
The synthesis of polyurethanes is carried out by a variety of methods, although the most
widely used method starts from diamines, diols, and phosgene (Scheme 1.1). In a step-
growth reaction, polyurethanes are obtained by the reaction of di- or polyfunctional hy-
droxycompounds (colloquially referred to as polyols) with di- or polyfunctional isocyanates
(obtained from diamines and phosgene). Usually, polyesters, polyethers, or polycarbon-
ates are used as polyol reagents. The resulting prepolymer is reacted with chain extenders,
such as low molecular weight diols or diamines, and a polyurethane of high molecular
weight is formed (route a).[3–5] The reaction rate is determined by the temperature profile
and the addition of a catalyst.[13] A second route of less importance (route b) starts from
the diol and phosgene, followed by the reaction of the resulting bis(chloroformate) with
the diamine in a polycondensation reaction. This reaction proceeds under mild conditions
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Scheme 1.1: Preparation of polyurethanes from diamines, diols, and phosgene.
(T ≤ 24 ◦C) in solution or in an interfacial system in the presence of an acid acceptor[4, 13]
and is often associated by the formation of cyclic oligomers.[14]
An alternative route to AA/BB-type polyurethanes was developed by our group
(Scheme 1.1; route c).[15] Usually, an AB-type polyurethane is obtained by ring-opening
polymerization of a cyclic urethane (cf. Chapter 1.3). In order to prepare polyurethanes of
AA/BB-type by ring-opening polymerization, the corresponding cyclic diurethanes were
prepared starting from a diamine (the AA-building block), a diol (the BB-building block),
and phosgene.[15]
1.3 Isocyanate-free Synthesis of Polyurethanes
Alternatively to the aforementioned syntheses, polyurethanes can be prepared without us-
ing isocyanates. Thus, five- and six-membered cyclic bis(carbonate)s and oligomers termi-
nated with five-membered cyclic carbonate groups are reacted with diamines. The poly-
mers contain hydroxy groups in the β-position to the urethane group (Equation 1.4).[16–24]
In addition, aliphatic polyurethanes are prepared in a chain-growth reaction by ring-
opening polymerization of aliphatic cyclic urethanes.[10, 25–34] Also our group was able to
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synthesize the [4]- and [5]-polyurethanes 14b–c by cationic ring-opening polymerization
of trimethylene urethane (TMU, 9) and tetramethylene urethane (TeMU, 10), respec-
tively (Scheme 1.2; route b).[29, 30, 32,34] However, the [3]-polyurethane 14a could not be
prepared by ring-opening polymerization of dimethylene urethane (DMU, 8; route a).[32]
Calorimetric studies have shown that the ring-opening polymerization of DMU is a ther-
modynamically unfavored process (the standard free energy change in the polymerization
reaction is positive throughout the whole temperature range, ∆G ◦pol > 0).
[35, 36]
Alternatively, the [4]- to [7]-polyurethanes 14b–e were obtained by polycondensation
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Scheme 1.2: Synthesis of [n]-polyurethanes (R = (CH2)x; x = 2–6 (a–e); n = x + 1).
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of the corresponding α-hydroxy-ω-O-phenyl urethanes 11b–e (Scheme 1.2; route c).[33]
The latter compounds were obtained under mild conditions from the corresponding amino
alcohols 7b–e and diphenyl carbonate. However, by thermal treatment of α-hydroxy-
ω-O-phenyl urethane 11a, only DMU 8 was obtained as a result of an intramolecular
condensation reaction. This intramolecular condensation reaction is also an important
side reaction for the polycondensation reaction of α-hydroxy-ω-O-phenyl urethane 11b
to yield [4]-polyurethane 14b. In order to obtain the [3]- and [4]-polyurethanes 14a–b
with two and three methylene groups, linear dimers 13a–b were prepared and subjected to
catalytic polycondensation (Scheme 1.2; route d).[33] The synthesis of 13a–b was achieved
in two steps. The corresponding amino alcohol 7a–b was treated with two equivalents
of phenyl chloroformate, and the resulting α-phenyl urethane-ω-phenyl carbonate 12a–b
was treated afterwards with the starting amino alcohol. Upon catalytic polycondensation
of dimers 13a–b, the main products obtained were polymers 14a–b.
Meijer et al. reported on the synthesis of [n]-polyurethanes using di-tert-butyltricar-
bonate 15, as a versatile and mild reagent.[37] The high selectively and reactivity of reagent
15 was used to obtain in situ α,ω-isocyanato alcohols 16c–k, which were polymerized
to obtain [n]-polyurethanes 14c–k with 4–12 methylene groups in the repeating unit
(Scheme 1.3).
The simplest AB-type aromatic polyurethane, poly(oxycarbonylimino-1,4-phenylene)
18, was synthesized by pyrolysis of phenyl N -p-hydroxyphenylcarbamate 17 (Equa-
tion 1.5).[44]
In addition, carbohydrate derivatives, as regrowing resources, are used for polyure-
thane synthesis, e.g., saccharose and sorbitol are used for the synthesis of highly func-
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Scheme 1.3: Synthesis of [n]-polyurethanes (R = (CH2)x; x = 4–12 (c–k); n = x + 1).
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tionalized polyols (sucrose 4210 t a−1, d-sorbitol 1180 t a−1, BASF, 1991).[38] For example,
Thiem and Bachmann synthesized various functionalized carbohydrates 19 for their direct
use in polyurethane as well as polyurea synthesis (Equation 1.6).[39–43]
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Our group also used renewable resources for polyurethane synthesis. Recently, we
synthesized polyurethanes with pendant hydroxy groups from sugar alcohols, e.g., d-
mannitol 20, and diamines (Equation 1.7).[45–47]
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Recently, Rokicki et al. synthesized aliphatic polyurethanes from diamines (1,4-
diaminobutane and 1,6-diaminohexane), diols (1,6-hexanediol and 1,10-decanediol), and
ethylene carbonate as a phosgene substitute (Scheme 1.4).[48] Thus, aliphatic polyure-
thanes were obtained by a transurethanization reaction (step-growth process) of bis(2-
hydroxyethyl carbamate)s 21, synthesized from diamines 22 and ethylene carbonate 23,
with short alkyl diols.
However, they found in some cases small defects in the microstructure of the ob-
tained polyurethanes. 1H and 13C NMR spectroscopy as well as MALDI–TOF mass spec-
troscopy revealed that, in addition to urethane units, urea units were present. These
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Scheme 1.4: Synthesis of [m,n]-polyurethanes from diamines, diols, and ethylene carbon-
ate (R = (CH2)x with x = 4 or 6; R
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urea units can be formed in a back-biting reaction of the hydroxy group of a hydrox-
yethyloxycarbonylamine moiety 21 with the nearest urethane linkage, leading to ethylene
carbonate 23 and an amino end group 24. Then, the resulting amine reacts with another
hydroxyethyloxycarbonylamine moiety 21 to yield urea linkages 25 and ethylene glycol
26 (Scheme 1.5).[48]
Alternatively, they obtained [n]-polyurethanes by cationic ring-opening polymeriza-
tion of trimethylene urethane and tetramethylene urethane which were obtained from
amino alcohols and ethylene carbonate.
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Scheme 1.5: Formation of urea linkages in the polycondensation reaction of bis(2-
hydroxyethyl carbamate)s.
Chapter 2
Target and Specific Aims
The target of this thesis is the development of new routes to (functional) polymers com-
prising urea and/or urethane groups without using isocyanates or phosgene. An important
aspect of this thesis is the use of easily accessible reagents, such as diamines (H2N–(CH2)x–
NH2; x = 2–6), amino alcohols (H2N–(CH2)x–OH; x = 2–6), diphenyl carbonate, ethylene
carbonate, 1,2-propylene carbonate, and glycerol.
To achieve this goal, the polymers will be prepared by polycondensation reactions from
AA- and AB-type monomers which will be developed by using easily accessible reagents.
Functionality can be obtained, first, within the polymer chain by introducing func-
tional groups, such as urea, urethane, and amide groups, secondly, by synthesizing poly-
mers with functional pendant groups (e.g., hydroxy groups) or, thirdly, at the chain end
by introducing reactive end groups.
The microstructure of the polymers will be determined by means of NMR spectroscopy,
the molecular weight and molecular weight distribution by means of gel permeation chro-
matography (GPC), and the thermal properties by means of differential scanning calorime-
try (DSC) and thermogravimetric analysis (TGA).
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Chapter 3
Synthesis and Characterization of
[n ]-Polyureas
3.1 Summary
[n]-Polyureas were prepared from diamines (H2N–(CH2)x–NH2; x = 2–6) and diphenyl
carbonate or ethylene carbonate. Therefore, two approaches were investigated: (i) a
one-step polycondensation reaction of the diamine with a carbonic acid source (diphenyl
carbonate or ethylene carbonate) or (ii) polycondensation of an AB monomer, i.e., 2-hy-
droxyethyl-ω-aminoalkylcarbamate, obtained from ethylene carbonate and a large excess
of the diamine. It was found that the reactivity of diphenyl carbonate is much higher than
that of ethylene carbonate. Therefore, the reaction temperature with diphenyl carbonate
as the carbonic acid source was much lower (at 100 ◦C) than with ethylene carbonate as the
carbonic acid source (at 150 ◦C). Furthermore, with ethylene carbonate as the carbonic
acid source, the addition of a catalyst is necessary. The microstructure of the resulting [n]-
polyureas differs only by their end groups. The [n]-polyureas are semicrystalline materials
with high melting points (Tm ≥ 259 ◦C).
3.2 Introduction
The use of carbon dioxide for the preparation of polymers is an excellent option from an
economical and, in particular, from an ecological point of view. Ethylene carbonate and
diphenyl carbonate are two examples of reagents (monomers) used in polymer syntheses
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which are not prepared from phosgene as are most carbonic acid derivatives. Ethylene
carbonate is readily available from ethylene oxide and carbon dioxide,[49] and diphenyl
carbonate from phenol and urea[50] or from phenol, carbon monoxide, and oxygen.[51–54]
This chapter reports on the use of diphenyl carbonate and ethylene carbonate for
the preparation of [n]-polyureas with special emphasis on differences in the molecular
weight and in the microstructure of the obtained polymers. Furthermore, the thermal
properties of the polymers are studied by means of differential scanning calorimetry (DSC)
and thermogravimetric analysis (TGA). The melting temperatures of the obtained [n]-
polyureas are compared with those of [n]-polyamides and [n]-polyurethanes.
3.3 Experimental Part
3.3.1 Materials
Starting materials and reagents used for the monomer synthesis and polymerization re-
actions were of high purity. 1,2-Diaminoethane (BASF), 1,3-diaminopropane (BASF),
1,4-diaminobutane (67.5 wt.-% in water, DSM), 1,5-diaminopentane (Fluka), 1,6-diami-
nohexane (Fluka), ethylene carbonate (Acros Organics), diphenyl carbonate (Merck), and
dibutyldimethoxytin (Bu2Sn(OMe)2, Aldrich) were used as received. Where necessary,
the reactions were conducted in a nitrogen atmosphere. Nitrogen (Linde) was passed over
molecular sieves (4 A˚) and finely distributed potassium on aluminum oxide for purifica-
tion.
3.3.2 Measurements
1H and 13C NMR spectra were recorded on a Bruker DPX-300 FT-NMR spectrometer
at 300 and 75 MHz, respectively. Dimethyl sulfoxide (DMSO-d6) or trifluoroacetic acid
(TFA-d) was used as a solvent, and tetramethylsilane (TMS) served as an internal stan-
dard.
Differential scanning calorimetric (DSC) analyses were performed on a Netzsch DSC
204 in a nitrogen atmosphere with heating and cooling rates of 10 K·min−1. Calibration
was achieved using indium standard samples.
Thermogravimetric analyses (TGA) were performed on a TG 209/2/E with a TA-
System-Controller TASC 414/2 from Netzsch. The measurements were performed in a
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nitrogen atmosphere with a heating rate of 10 K·min−1.
3.3.3 2-Hydroxyethyl 2-Aminoethylcarbamate
H2N
H
N O OH
O
1 2
3 4
5
6
7 8
A solution of ethylene carbonate (7.14 g, 81.0 mmol) in water (70 mL) was added slowly
under ice cooling and stirring to 1,2-diaminoethane (48.7 g, 810 mmol). After complete
addition, the solution was stirred for an additional 2 h at 0 ◦C. The solution was then
allowed to warm up to room temperature and stirred overnight. Finally, solvent and
excess of 1,2-diaminoethane were removed under vacuum (10−2 mbar) at 50 ◦C to give
2-hydroxyethyl 2-aminoethylcarbamate as a colorless solid. Yield: 11.9 g (80.4 mmol,
99%).
1H NMR (DMSO-d6): δ = 2.54 (t, 2H, H-2,
3J = 6.4 Hz), 2.96 (m, 2H, H-3), 3.03 (s,
1H, H-8), 3.52 (t, 2H, H-7, 3J = 5.3 Hz), 3.94 (t, 2H, H-6, 3J = 5.1 Hz), 6.74 (t, 0.1H,
H-4(Z)), 7.11 (t, 0.9H, H-4(E),
3J = 5.1 Hz) ppm.
13C NMR (DMSO-d6): δ = 41.80 (C-2), 44.15 (C-3), 59.74 (C-7), 65.90 (C-6), 156.87
(C-5) ppm.
3.3.4 2-Hydroxyethyl 3-Aminopropylcarbamate
H
N O OH
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A solution of ethylene carbonate (7.17 g, 81.4 mmol) in water (10 mL) was added slowly
under ice cooling and stirring to 1,3-diaminopropane (60.4 g, 814 mmol). After complete
addition, the solution was stirred for an additional 2 h at 0 ◦C. The solution was then
allowed to warm up to room temperature and stirred overnight. Finally, solvent and excess
of 1,3-diaminopropane were removed under vacuum (10−2 mbar) at 50 ◦C to give 2-hy-
droxyethyl 3-aminopropylcarbamate as a colorless viscous oil. Yield: 13.1 g (80.8 mmol,
99%).
1H NMR (DMSO-d6): δ = 1.46 (quint, 2H, H-3,
3J = 6.8 Hz), 2.52 (t, 2H, H-2, 3J =
6.8 Hz), 2.68 (s, 1H, H-9), 3.02 (dt, 2H, H-4, 3J = 6.4 Hz), 3.53 (t, 2H, H-8, 3J = 5.1 Hz),
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3.94 (t, 2H, H-7, 3J = 5.1 Hz), 6.79 (t, 0.1H, H-5(Z)), 7.16 (t, 0.9H, H-5(E),
3J = 5.3 Hz)
ppm.
13C NMR (DMSO-d6): δ = 33.21 (C-3), 37.92 (C-4), 38.94 (C-2), 59.34 (C-8), 65.43
(C-7), 156.38 (C-6) ppm.
3.3.5 2-Hydroxyethyl 4-Aminobutylcarbamate
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A solution of ethylene carbonate (4.73 g, 53.7 mmol) in water (10 mL) was added
slowly under ice cooling and stirring to 1,4-diaminobutane (67.5 wt.-% in H2O) (47.3 g,
537 mmol). After complete addition, the solution was stirred for an additional 1 h at 0 ◦C.
The solution was then allowed to warm up to room temperature and stirred overnight.
Finally, solvent and excess of 1,4-diaminobutane were removed under vacuum (10−2 mbar)
at 50 ◦C to give 2-hydroxyethyl 4-aminobutylcarbamate as a colorless wax. Yield: 9.04 g
(51.3 mmol, 96%).
1H NMR (DMSO-d6): δ = 1.34 (m, 4H, H-3, H-4), 2.49 (t, 2H, H-2,
3J = 6.6 Hz), 2.56
(s, 1H, H-10), 2.94 (dt, 2H, H-5, 3J = 6.2 Hz), 3.51 (t, 2H, H-9, 3J = 5.3 Hz), 3.93 (t, 2H,
H-8, 3J = 5.3 Hz), 6.79 (t, 0.1H, H-6(Z)), 7.15 (t, 0.9H, H-6(E)) ppm.
13C NMR (DMSO-d6): δ = 27.33 (C-4), 31.10 (C-3), 40.52 (C-5), 41.97 (C-2), 59.72
(C-9), 65.80 (C-8), 156.70 (C-7) ppm.
3.3.6 2-Hydroxyethyl 5-Aminopentylcarbamate
H
N O OH
O
1 5
6 7
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4
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2
A solution of ethylene carbonate (2.16 g, 24.5 mmol) in water (22 mL) was added slowly
under ice cooling and stirring to 1,5-diaminopentane (25.1 g, 245 mmol). After complete
addition, the solution was stirred for an additional 2 h at 0 ◦C. The solution was then
allowed to warm up to room temperature and stirred overnight. Finally, solvent and excess
of 1,5-diaminopentane were removed under vacuum (10−2 mbar) at 60 ◦C to give 2-hy-
droxyethyl 5-aminopentylcarbamate as a slightly yellow wax. Yield: 4.54 g (23.8 mmol,
97%).
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1H NMR (DMSO-d6): δ = 1.33 (m, 6H, H-3, H-4, H-5), 2.50 (t, 2H, H-2,
3J = 6.6 Hz),
2.85 (s, 1H, H-11), 2.95 (dt, 2H, H-6, 3J = 6.4 Hz), 3.53 (t, 2H, H-10, 3J = 5.3 Hz), 3.94
(t, 2H, H-9, 3J = 5.1 Hz), 6.76 (t, 0.1H, H-7(Z)), 7.12 (t, 0.9H, H-7(E),
3J = 5.3 Hz) ppm.
13C NMR (DMSO-d6): δ = 23.76 (C-4), 29.44 (C-5), 33.00 (C-3), 40.33 (C-6), 41.61
(C-2), 59.51 (C-10), 65.53 (C-9), 156.43 (C-8) ppm.
3.3.7 2-Hydroxyethyl 6-Aminohexylcarbamate
H
N O OH
O
1 6
7 8
9
10
11 12
5
4
3
H2N
2
A solution of ethylene carbonate (5.09 g, 57.8 mmol) in water (50 mL) was added slowly
under ice cooling and stirring to a solution of 1,6-diaminohexane (67.1 g, 578 mmol) in
water (150 mL). After complete addition, the solution was stirred for an additional 1 h
at 0 ◦C. The solution was then allowed to warm up to room temperature and stirred
overnight. Finally, solvent and excess of 1,6-diaminohexane were removed under vacuum
(10−2 mbar) at 60 ◦C to give 2-hydroxyethyl 6-aminohexylcarbamate as a slightly yellow
solid. Yield: 11.8 g (57.7 mmol, 100%).
1H NMR (DMSO-d6): δ = 1.34 (m, 8H, H-3, H-4, H-5, H-6), 2.50 (t, 2H, H-2,
3J =
6.4 Hz), 2.95 (dt, 2H, H-7, 3J = 6.5 Hz), 3.52 (t, 2H, H-11, 3J = 5.1 Hz), 3.93 (t, 2H, H-10,
3J = 5.3 Hz), 6.75 (t, 0.1H, H-8(Z)), 7.11 (t, 0.9H, H-8(E),
3J = 5.5 Hz) ppm.
13C NMR (DMSO-d6): δ = 26.09 (C-5), 26.16 (C-4), 29.42 (C-6), 33.28 (C-3), 40.11
(C-7), 41.55 (C-2), 59.37 (C-11), 65.35 (C-10), 156.25 (C-9) ppm.
3.3.8 [n ]-Polyureas from Diphenyl Carbonate and Diamines
The respective diamine, e.g., 1,5-diaminopentane (849 mg, 8.31 mmol) and diphenyl car-
bonate (1.78 g, 8.31 mmol) were heated under stirring to 100 ◦C in a nitrogen atmosphere.
After 1 h, vacuum (10−2 mbar) was applied and the resulting phenol was distilled off. The
reaction was terminated after 3–4 h, and the polymer was dissolved in formic acid and
precipitated in diethyl ether.
The procedure described for the preparation of [6]-polyurea was used for all [n]-
polyureas 28a–e. For 1,2-diaminoethane, 1,3-diaminopropane, or 1,4-diaminobutane,
dimethylene urea, trimethylene urea, or, in small amounts, tetramethylene urea was
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found as by-product for the corresponding polymerization reaction. Yields: 69% for
[3]-polyurea, 75% for [4]-polyurea, 70% for [5]-polyurea, 86% for [6]-polyurea, and 97%
for [7]-polyurea. The 1H and 13C NMR spectra of all [n]-polyureas were in accord with
the proposed structures.
Number-average degree of polymerization was determined by end-group analysis and
was estimated to be 22 for [3]-polyurea, 10 for [4]-polyurea, 14 for [5]-polyurea, 15 for
[6]-polyurea, and 10 for [7]-polyurea.
3.3.9 [n ]-Polyureas from Ethylene Carbonate and Diamines
The respective diamine (1,4-diaminobutane or 1,6-diaminohexane), e.g., 1,6-diamino-
hexane (1.80 g, 15.4 mmol), ethylene carbonate (1.37 g, 15.4 mmol), and 5 wt.-% of
Bu2Sn(OMe)2 were heated under stirring to 150
◦C in a nitrogen atmosphere. After
1 h, vacuum (10−2 mbar) was applied and the resulting ethylene glycol was distilled off.
The reaction was terminated after 6 h, and the polymer was dissolved in formic acid and
precipitated in diethyl ether. Yield: 80% for [5]-polyurea and 95% for [7]-polyurea.
The 1H and 13C NMR spectra of both [n]-polyureas were in accord with the proposed
structures.
Number-average degree of polymerization was determined by end-group analysis and
was estimated to be 3 for [5]-polyurea and 5 for [7]-polyurea.
3.3.10 [n ]-Polyureas from 2-Hydroxyethyl-ω-aminoalkylcarba-
mates
H
N
N
H
O
1
2
3 4
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n
The respective 2-hydroxyethyl-ω-aminoalkylcarbamate 24a–e and 2–5 wt.-% of
Bu2Sn(OMe)2 were heated under stirring to 150
◦C in a nitrogen atmosphere. After
1 h, vacuum (10−2 mbar) was applied and the resulting ethylene glycol was distilled off.
The reaction was terminated after 3–6 h, and the polymer was dissolved in formic acid
and precipitated in diethyl ether.
For 2-hydroxyethyl 2-aminoethylcarbamate 24a and 2-hydroxyethyl 3-aminopropyl-
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carbamate 24b, large amounts of dimethylene urea and trimethylene urea crystallized on
the mouth of the flask. Yield, molecular weight, and NMR data are given in Table 3.1.
Table 3.1: Yield, number-average degree of polymerization, and NMR data (in TFA-d) of
the [n]-polyureas 30a–e.
Yield P¯n
a 1H and 13C NMR data (δ in ppm)
% CH2-1 CH2-2 CH2-3 C-4
30a 32 5 3.88 – – –
43.53 – – 167.36
30b 18 5 3.50 2.04 – –
40.61 30.03 – 161.78
30c 95 6 3.42 1.76 – –
42.97 27.30 – 161.10
30d 90 5 3.40 1.75 1.49 –
43.50 29.86 25.11 160.98
30e 89 5 3.39 1.72 1.46 –
43.67 30.79 27.62 160.85
aDetermined by end-group analysis.
3.4 Results and Discussion
[n]-Polyureas were obtained in a step-growth reaction from a homologous series of di-
amines 22a–e and a carbonic acid derivative, i.e., diphenyl carbonate or ethylene carbon-
ate.
The polycondensation reaction of diamines with diphenyl carbonate is a well-known
reaction to prepare [n]-polyureas. This one-step reaction was carried out by adding a
mixture of the diamine 22a–e to diphenyl carbonate 27 in a molar ratio of 1:1 at 100 ◦C.
Phenol was removed under vacuum. However, dimethylene urea 5, trimethylene urea 29
and, in small amounts, tetramethylene urea 6 were formed as by-products for the diamines
22a–c. The polymers 28a–e were isolated by precipitation from a formic acid solution
into diethyl ether (Scheme 3.1). The microstructure of the [n]-polyureas 28a–e will be
discussed below.
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Scheme 3.1: Synthesis of [n]-polyureas 28a–e from a homologous series of diamines and
diphenyl carbonate; 22a–e/27 = 1/1, T = 100 ◦C, t = 1 h at normal pressure and t = 3–
4 h at reduced pressure (10−2 mbar).
The use of ethylene carbonate, instead of diphenyl carbonate, as a carbonic acid
derivative gives access to another reagent which is not prepared from phosgene. In the
past, our group used both types of carbonates as carbonic acid derivatives for the synthesis
of alternating poly(amide urethane)s.[56] It was found that polycondensation reactions
with ethylene glycol as a leaving group have to be conducted at higher temperatures
(usually at 150 ◦C) than with phenol as a leaving group (usually at 100 ◦C); phenol is a
better leaving group than ethylene glycol.
Two approaches were used to prepare the [n]-polyureas 30a–e from a homologous
series of diamines and ethylene carbonate. In the first approach, ethylene carbonate was
reacted directly with a diamine (1,4-diaminobutane or 1,6-diaminohexane) in a molar
ratio of 1:1 in the presence of Bu2Sn(OMe)2 as a catalyst at 150
◦C. The polymers were
isolated by precipitation from a formic acid solution into diethyl ether (yield: 80% and
95%). In the second approach, AB-monomers (2-hydroxyethyl-ω-aminoalkylcarbamates
24a–e) were prepared by a method of Tsybayeva.[55] Therefore, a solution of ethylene
carbonate 23 in water was added slowly at 0 ◦C to an excess of the diamine 22a–e.
The advantage of this method is that inaccurate merging of the reagents is avoided,
and a prerequisite for high molecular weight polymers deriving from polycondensation
reactions—the equivalence of the functional groups—is fulfilled. The 2-hydroxyethyl-ω-
aminoalkylcarbamates 24a–e, obtained in high purity, were used as starting materials for
the polycondensation performed in bulk at 150 ◦C in the presence of Bu2Sn(OMe)2 as a
catalyst (Scheme 3.2). The polymers were isolated by precipitation from a formic acid
solution into diethyl ether. The [n]-polyureas 30c–e were isolated in high yield (95%,
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Scheme 3.2: Synthesis of [n]-polyureas 30a–e from a homologous series of diamines and
ethylene carbonate; (i) 22a–e/23 = 10/1, H2O, rt, t = 24 h; (ii) 24a–e, Bu2Sn(OMe)2
(2–5 wt.-%), T = 150 ◦C, t = 1 h at normal pressure and t = 3–6 h at reduced pressure
(10−2 mbar).
90%, and 89%), but mainly dimethylene urea 5 and trimethylene urea 29 were formed
as by-products from 2-hydroxyethyl 2-aminoethylcarbamate 24a and 2-hydroxyethyl 3-
aminopropylcarbamate 24b. Therefore, the yield of [n]-polyureas 30a and 30b was low
(32% and 18%).
The 1H NMR spectrum of [6]-polyureas 28d and 30d in TFA-d shows that the mi-
crostructure of both polymers differs only by the end groups (Figure 3.1). The end group
of the phenyl protons is found at δ = 7.10–7.50 ppm and the end group of the ethylene
glycol protons at δ = 4.40–4.85 ppm. The resonance lines of the methylene protons adja-
cent to the urea group are found at δ = 3.40 ppm. The other protons of the methylene
groups are found at δ = 1.49 and 1.75 ppm. The NH protons of the urea group cannot
be observed, because of a fast H–D exchange and are found together with the carboxylic
acid proton of TFA.
The [n]-polyureas 28a–e and 30a–e are not soluble in (hot) DMAc and, therefore,
the number-average degree of polymerization is determined by means of 1H NMR spec-
troscopy. The intensity of the resonance lines of the end group is compared with the inten-
sity of the protons of the methylene groups adjacent to the urea group (δ = 3.40 ppm).
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Figure 3.1: 1H NMR spectrum in TFA-d of (a) [6]-polyurea 28d and (b) [6]-polyurea 30d
(T = TMS; E = end group; F = formic acid; S = TFA).
A number-average degree of polymerization between 10 and 22 was found for the [n]-
polyureas 28a–e, prepared from diamines and diphenyl carbonate. For the [n]-polyureas
30a–e, prepared from diamines and ethylene carbonate, a low number-average degree
of polymerization, regardless of the method of preparation, was found. Number-average
degree of polymerization was estimated to be between 3 and 5 for [n]-polyureas prepared
directly from ethylene carbonate and diamines, and between 5 and 6 for [n]-polyureas
prepared from the corresponding α-hydroxyethyl-ω-aminoalkylcarbamate. The number-
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average degree of polymerization probably remains low, because the reaction mixture
could not be stirred after approximately 45 min due to an increase in viscosity. Fur-
thermore, mainly dimethylene urea or trimethylene urea is formed from 2-hydroxyethyl
2-aminoethylcarbamate 24a or 2-hydroxyethyl 3-aminopropylcarbamate 24b. Whether
the cyclic ureas are formed directly from the 2-hydroxyethyl-ω-aminoalkylcarbamates
24a–b or after formation of the [n]-polyureas 30a–b, through thermal decomposition of
the polymers, cannot be decided at this moment.
3.4.1 Thermal Properties
Thermogravimetric analyses (TGA) of the [n]-polyureas 30a–e show that the [3]- and
[4]-polyureas are stable up to approximately 240 ◦C and the [5]-, [6]-, and [7]-polyureas
up to approximately 340 ◦C, before they begin to decompose (Figure 3.2). The TGA ther-
mograms of the [n]-polyureas show two different decomposition mechanism. The [3]- and
[4]-polyureas decompose by a “zip-mechanism” with formation of cyclic dimethylene urea
or trimethylene urea. The [5]-, [6]-, and [7]-polyureas decompose at high temperatures
(T = 340 ◦C) by random chain cleavage with formation of isocyanates which is character-
istic of urea linkages. This corresponds to the expected ring-formation probability; five-
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Figure 3.2: TGA of the [n]-polyureas; — (30a); −− (30b); · · · (30c); − · (30d); − · ·
(30e).
40 Chapter 3
Table 3.2: DSC results of the [n]-polyureas.
Heating/cooling Tg Tcr ∆Hcr Tm ∆Hm
◦C ◦C J·g−1 ◦C J·g−1
30a 1st heating 55.3 – – – –
30b 1st heating 58.5 – – – –
30c 1st heating 60.4 – – – –
2nd heating 66.6 – – – –
30d 1st heating 68.7 – – 270.5 129.4
cooling – 230.4 −93.2 – –
2nd heating 68.4 – – 273.6 96.8
30e 1st heating 41.9 – – 274.6 63.0
cooling – 225.0 −53.7 – –
2nd heating 40.9 – – 259.1a 61.8
aThe sample shows a shoulder at Tm = 269.7 ◦C.
and six-membered rings have high formation probabilities. This assumption is supported
by investigations on the thermal decomposition of poly(amide urea)s where we isolated
the corresponding five- and six-membered cyclic ureas.[57]
Differential scanning calorimetry (DSC) indicated that melting and decomposition of
the [n]-polyureas is close (Table 3.2). The [3]- and [4]-polyureas 30a and 30b show
only glass transition temperatures (Tg = 55.3 and 58.5
◦C, respectively) upon heating to
decomposition (T = 240 ◦C). However, the polymers suffer ring-closing depolymeriza-
tion at these temperatures, and dimethylene urea or trimethylene urea is formed. The
[5]-polyurea 30c shows only a glass transition temperature upon heating to decompo-
sition (T = 340 ◦C). It is possible that the intramolecular forces are weaker than the
intermolecular forces, i.e., the polymer decomposes before it melts. Therefore, it is im-
possible from this measurement to conclude that the polymer is amorphous. Due to the
odd-even effect, this compound with four methylene groups is expected to have a melting
point which is higher than the decomposition temperature of the urea groups. The [6]-
and [7]-polyureas 30d and 30e are highly crystalline materials. Upon first heating, the
[6]-polyurea 30d shows a glass transition temperature at Tg = 68.7
◦C and a melting
transition at Tm = 270.5
◦C. Upon cooling the melt, an exothermic peak is observed indi-
cating crystallization. Upon second heating, a glass transition temperature (Tg = 68.4
◦C)
Synthesis and Characterization of [n]-Polyureas 41
Table 3.3: Comparison of the melting temperatures of [n]-polyamides,[58] [n]-
polyurethanes,[33] [n]-polyureas from the literature,[59] and of the obtained [n]-polyureas.
[n]- Polyamide Polyurethane Polyurea Polyurea
from the literature obtained
6 223 ◦C 144 ◦C 211–212 ◦C a 274 ◦C
7 233 ◦C 170 ◦C 245–300 ◦C b 259–270 ◦C
a Prepared from diamine and dicarboxylic ester. b Polymer melting temperature depends on method
of preparation.
and a melting transition are observed at nearly the same temperature (Tm = 273.6
◦C).
However, the melting enthalpy is lower than upon first heating, indicating that a lower
degree of crystallinity is obtained from the melt. In the first heating run, the [7]-polyurea
30e shows a glass transition temperature at Tg = 41.9
◦C and a melting transition at
Tm = 274.6
◦C. Upon cooling the melt, an exothermic peak is observed indicating crys-
tallization. Upon second heating, a glass transition temperature (Tg = 40.9
◦C) and a
melting transition are observed at lower temperatures (Tm = 259.1
◦C) accompanied by a
shoulder at Tm = 269.7
◦C which indicates crystallites of different sizes.
Table 3.3 shows the melting temperatures of [n]-polyamides, [n]-polyurethanes, and
[n]-polyureas, taken from the literature,[33, 58, 59] and of the [n]-polyureas 30d and 30e.
The melting temperatures of the [n]-polyureas, taken from the literature, depend highly
on the method of preparation. However, the melting temperatures of the obtained [n]-
polyureas are in the same range as those given in the literature.[59] Furthermore, Table 3.3
shows that, because of their strong hydrogen bonds, the obtained [n]-polyureas melt at
considerably higher temperature than the corresponding [n]-polyurethanes which have
the lowest melting temperatures. The melting temperatures of the [n]-polyamides are in
the range of those of the [n]-polyureas.
3.5 Conclusions
[n]-Polyureas were synthesized from diamines and diphenyl carbonate or ethylene car-
bonate, as the carbonic acid source. Diphenyl carbonate has the advantage that poly-
condensation can be conducted at relatively low temperatures (100 ◦C) and without the
addition of a catalyst. However, the toxicity and odor of phenol represent major draw-
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backs. In addition, [n]-polyureas were obtained at 150 ◦C from diamines and ethylene
carbonate by (i) direct mixing of the reagents or (ii) by a polycondensation reaction of
2-hydroxyethyl-ω-aminoalkylcarbamates. However, low molecular weight polymers were
obtained in both cases, in particular compared with diphenyl carbonate as a carbonic acid
source. Polycondensation of 1,2-diaminoethane, 1,3-diaminopropane, or 1,4-diaminobu-
tane with diphenyl carbonate leads to the formation of dimethylene urea, trimethylene
urea, and tetramethylene urea. The same observations were made for the polycondensa-
tion reactions of 2-hydroxyethyl 2-aminoethylcarbamate and 2-hydroxyethyl 3-aminopro-
pylcarbamate. The [n]-polyureas 30a–e have, despite their low molecular weights, high
melting temperatures. Therefore, these oligomers are perfect building blocks for multi-
block copolymers. They can be used as hard segments in combination with soft segments
to obtain thermoplastic elastomers.
Chapter 4
Synthesis of Polyurethanes Derived
from Diamines and a Cyclic
Carbonate, or Diamines, Diphenyl
Carbonate, and a Glycol
4.1 Summary
Polyurethanes were prepared from diamines (H2N–(CH2)x–NH2; x = 2–6) and a cyclic
carbonate (ethylene carbonate or 1,2-propylene carbonate), or diamines (H2N–(CH2)x–
NH2; x = 2–6), diphenyl carbonate, and a glycol (ethylene glycol or 1,2-propanediol)
in two steps. AA monomers, i.e., bis(phenyl carbamate)s, were prepared from diphenyl
carbonate and diamines which where then reacted with a BB monomer (ethylene glycol
or 1,2-propanediol) to form polyurethanes. Alternatively, the polyurethanes are obtained
from AB monomers, i.e., bis(2-hydroxyethyl carbamate)s and bis(2-hydroxy-methyl-ethyl
carbamate)s which were prepared from diamines and ethylene carbonate or 1,2-propylene
carbonate. For the ring-opening reaction of 1,2-propylene carbonate with diamines to
bis(2-hydroxy-methyl-ethyl carbamate)s, three different isomers are expected. As calcu-
lated from 1H NMR spectra, the content of primary hydroxyurethanes lies between 57
and 63%. The microstructure of the resulting polyurethanes differs by the content of
urea groups in the polymer chains and the end groups. The thermal properties of the
polymers, as determined by means of DSC measurements, shows that the polyurethanes
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with a pendant methyl group in the repeating unit are amorphous or have a low degree
of crystallinity, compared with the polyurethanes with an ethylene glycol moiety in the
repeating unit. TGA measurements show that the ethylene glycol or 1,2-propanediol
moiety does not influence the thermal stability of the polymers.
4.2 Introduction
Polyurethanes are of large practical significance. They are used for producing synthetic
fibers, adhesives, paint-and-varnish materials, plastics, elastomers, foams, etc.[3] Polyure-
thanes are produced in industry by the reaction of isocyanates with hydroxy compounds.[3]
Several alternative routes to polyurethanes are known and are discussed in Chapter 1.3.
One of the most interesting alternative routes involves the reaction of cyclic carbonates
with amines.
In 1957, Dyer and Scott reported on the use of ethylene carbonate for the preparation
of polymeric urethanes.[60] They found that bis(2-hydroxyethyl carbamate)s, obtained
from ethylene carbonate and primary diamines, loose ethylene glycol when subjected to
vacuum distillation with an alcohol at 150 ◦C in the presence of barium oxide or zinc bo-
rate as catalysts (Scheme 4.1). The alcohol group may be part of the bis(2-hydroxyethyl
carbamate) or of a diol. They obtained polyurethane 31e from bis(2-hydroxyethyl car-
bamate) 21e, prepared from ethylene carbonate and 1,6-diaminohexane. Attempts to
apply the synthesis to the preparation of N-substituted polyurethanes, by starting with
secondary diamines, were unsuccessful. Furthermore, they obtained polyurethanes 32a–b
from the reaction of bis(2-hydroxyethyl carbamate) 21e with two high-boiling diols,
i.e., 2,2-bis(4-β-hydroxyethoxyphenyl)propane and 4,4’-bis(2-hydroxyethoxy)phenyl sul-
fone. In addition, they prepared [n]-polyurethanes 14i and 14l from amino alcohols, i.e.,
1,10-aminodecanol or 4-aminomethylbenzyl alcohol, and ethylene carbonate via the for-
mation of intermediates 33i and 33l (Scheme 4.1). The latter polymerization reaction
has as the advantage that the formation of copolymers and of thermally unstable ethylene
glycol units are avoided.
Furthermore, they obtained cyclic urethanes from ethylene carbonate and amino al-
cohols of short chain length.
Recently, Rokicki et al.[48] prepared by the method developed by Dyer and Scott[60]
polyurethanes via a transurethanization reaction of bis(2-hydroxyethyl carbamate)s, ob-
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Scheme 4.1: Synthesis of polyurethanes from diamines or amino alcohols and ethylene car-
bonate (R1 = (CH2)6; R2 = (CH2CH2OC6H4)2C(CH3)2-p (a) or (CH2CH2OC6H4)2SO2-p
(b); R3 = (CH2)10 (i) or CH2C6H4CH2-p (l).
tained from ethylene carbonate and 1,4-diaminobutane or 1,6-diaminohexane, with 1,6-
hexanediol or 1,10-decanediol in the presence of tin catalysts (Scheme 1.4). They charac-
terized the polyurethanes by MALDI–TOF mass spectroscopy and found that the poly-
mers besides urethane groups show urea groups as well (Scheme 1.5). The molecular
weights were determined by means of MALDI–TOF mass spectroscopy and were found
to be low (1 580 < M¯n < 3 500).
Also Mikheev et al. prepared by the same method oligourethanes with terminal hy-
droxy groups from ethylene carbonate or 1,2-propylene carbonate, and 1,2-diaminoeth-
ane or 1,6-diaminohexane.[61] They found that the polycondensation reaction of bis(2-
hydroxyethyl carbamate)s into hydroxy-containing oligourethanes is first-oder and occurs
at 170–180 ◦C in the presence of catalysts (Bu2SnLau2, manganese acetylacetonate, cop-
per acetylacetonate, cobalt acetate, or tetrabutylammonium bromide).
In this chapter, details about the synthesis of polyurethanes derived from diamines and
ethylene carbonate or 1,2-propylene carbonate or, alternatively, from diamines, diphenyl
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carbonate, and ethylene glycol or 1,2-propanediol are given. In addition, special emphasis
is given on the microstructure and on the thermal properties of the resulting polyure-
thanes.
4.3 Experimental Part
4.3.1 Materials
Starting materials and reagents used for the monomer synthesis and polymerization re-
actions were of high purity. 1,2-Diaminoethane (BASF), 1,3-diaminopropane (BASF),
1,4-diaminobutane (67.5 wt.-% in water, DSM), 1,5-diaminopentane (Fluka), 1,6-diami-
nohexane (Fluka), diphenyl carbonate (Merck), ethylene carbonate (Acros Organics),
1,2-propylene carbonate (Aldrich), ethylene glycol (Aldrich), 1,2-propanediol (Aldrich),
and dibutyldimethoxytin (Bu2Sn(OMe)2, Aldrich) were used as received. Where nec-
essary, the reactions were conducted in a nitrogen atmosphere. Nitrogen (Linde) was
passed over molecular sieves (4 A˚) and finely distributed potassium on aluminum oxide
for purification.
4.3.2 Measurements
1H and 13C NMR spectra were recorded on a Bruker DPX-300 FT-NMR spectrometer
at 300 and 75 MHz, respectively. Dimethyl sulfoxide (DMSO-d6) or trifluoroacetic acid
(TFA-d) was used as a solvent, and tetramethylsilane (TMS) served as an internal stan-
dard.
Gel permeation chromatography (GPC) analyses were carried out using a high-
pressure liquid chromatography pump (Bischoff HPLC pump 2200) and a refractive index
detector (Waters 410). The eluting solvent was N,N -dimethylacetamide (DMAc) with
2.44 g·L−1 LiCl and a flow rate of 0.8 mL·min−1. Four columns with MZ-DVB gel were
applied: length of each column, 300 mm; diameter, 8 mm; diameter of gel particles, 5 µm;
nominal pore widths, 100, 100, 103, 104 A˚. Calibration was achieved using polystyrene
standard samples with a narrow molecular weight distribution.
Differential scanning calorimetric (DSC) analyses were performed on a Netzsch DSC
204 in a nitrogen atmosphere with heating and cooling rates of 10 K·min−1. Calibration
was achieved using indium standard samples.
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Thermogravimetric analyses (TGA) were performed on a TG 209 with a TA-System-
Controller TASC 414/2 from Netzsch. The measurements were performed in a nitrogen
atmosphere with a heating rate of 10 K·min−1.
4.3.3 Ethane-1,2-bis(phenyl carbamate)
O N
H
H
N O
O
O
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2
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1,2-Diaminoethane (1.60 g, 26.6 mmol) was added slowly at room temperature to a solu-
tion of diphenyl carbonate (17.07 g, 79.7 mmol) in dichloromethane (170 mL). The next
day, the reaction mixture was reduced to half of its original volume and precipitated
into cold diethyl ether. The colorless precipitate was filtered off and dried under vacuum
(10−2 mbar) at 50 ◦C. Yield: 6.69 g (22.3 mmol, 84%).
1H NMR (DMSO-d6): δ = 3.21 (m, 4H, H-3), 7.13 (m, 4H, H-5), 7.26 (m, 2H, H-7),
7.40 (m, 4H, H-6), 7.86 (m, 2H, H-2) ppm.
13C NMR (DMSO-d6): δ = 40.56 (C-3), 122.13 (C-5), 125.29 (C-7), 129.59 (C-6),
151.47 (C-4), 154.92 (C-1) ppm.
4.3.4 Propane-1,3-bis(phenyl carbamate)
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1,3-Diaminopropane (2.16 g, 29.1 mmol) was added slowly at room temperature to a solu-
tion of diphenyl carbonate (18.71 g, 87.3 mmol) in dichloromethane (150 mL). The next
day, the reaction mixture was reduced to half of its original volume and precipitated
into cold diethyl ether. The colorless precipitate was filtered off and dried under vacuum
(10−2 mbar) at 50 ◦C. Yield: 4.90 g (15.6 mmol, 54%).
1H NMR (DMSO-d6): δ = 1.71 (m, 2H, H-4), 3.14 (m, 4H, H-3), 7.09 (m, 4H, H-6),
7.19 (m, 2H, H-8), 7.36 (m, 4H, H-7), 7.77 (m, 2H, H-2) ppm.
13C NMR (DMSO-d6): δ = 29.73 (C-4), 38.48 (C-3), 122.15 (C-6), 125.25 (C-8), 129.59
(C-7), 151.46 (C-5), 154.78 (C-1) ppm.
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4.3.5 Butane-1,4-bis(phenyl carbamate)
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1,4-Diaminobutane, 67.5 wt.-% in water, (1.86 g, 14.2 mmol) was added slowly at room
temperature to a solution of diphenyl carbonate (9.13 g, 42.6 mmol) in dichloromethane
(90 mL). The next day, the reaction mixture was reduced to half of its original volume
and precipitated into cold diethyl ether. The colorless precipitate was filtered off and
dried under vacuum (10−2 mbar) at 50 ◦C. Yield: 3.73 g (11.4 mmol, 80%).
1H NMR (DMSO-d6): δ = 1.54 (m, 4H, H-4), 3.11 (m, 4H, H-3), 7.11 (m, 4H, H-6),
7.20 (m, 2H, H-8), 7.38 (m, 4H, H-7), 7.80 (t, 2H, H-2, 3J = 5.3 Hz) ppm.
13C NMR (DMSO-d6): δ = 26.99 (C-4), 40.54 (C-3), 122.14 (C-6), 125.20 (C-8), 129.74
(C-7), 151.51 (C-5), 154.78 (C-1) ppm.
4.3.6 Pentane-1,5-bis(phenyl carbamate)
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1,5-Diaminopentane (808 mg, 7.83 mmol) was added slowly at room temperature to a
solution of diphenyl carbonate (5.03 g, 23.5 mmol) in dichloromethane (50 mL). The next
day, the reaction mixture was reduced to half of its original volume and precipitated
into cold diethyl ether. The colorless precipitate was filtered off and dried under vacuum
(10−2 mbar) at 50 ◦C. Yield: 1.75 g (5.11 mmol, 65%).
1H NMR (DMSO-d6): δ = 1.36 (m, 2H, H-5), 1.51 (quint, 4H, H-4,
3J = 7.0 Hz), 3.10
(dt, 4H, H-3, 3J = 6.4 Hz), 7.10 (m, 4H, H-7), 7.19 (m, 2H, H-9), 7.37 (m, 4H, H-8), 7.76
(t, 2H, H-2, 3J = 5.7 Hz) ppm.
13C NMR (DMSO-d6): δ = 23.87 (C-5), 29.24 (C-4), 40.73 (C-3), 122.13 (C-7), 125.21
(C-9), 129.58 (C-8), 151.47 (C-6), 154.77 (C-1) ppm.
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4.3.7 Hexane-1,6-bis(phenyl carbamate)
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A solution of 1,6-diaminohexane (4.01 g, 34.5 mmol) in dichloromethane (40 mL) was
added slowly at room temperature to a solution of diphenyl carbonate (22.15 g, 103 mmol)
in dichloromethane (200 mL). The next day, the reaction mixture was reduced to half
of its original volume and precipitated into cold diethyl ether. The colorless precipitate
was filtered off and dried under vacuum (10−2 mbar) at 50 ◦C. Yield: 9.44 g (26.2 mmol,
76%).
1H NMR (DMSO-d6): δ = 1.34 (m, 4H, H-5), 1.50 (m, 4H, H-4), 3.09 (dt, 4H, H-3,
3J = 6.5 Hz), 7.11 (m, 4H, H-7), 7.20 (m, 2H, H-9), 7.38 (m, 4H, H-8), 7.76 (t, 2H, H-2,
3J = 5.5 Hz) ppm.
13C NMR (DMSO-d6): δ = 26.32 (C-5), 29.55 (C-4), 40.76 (C-3), 122.13 (C-7), 125.18
(C-9), 129.57 (C-8), 151.51 (C-6), 154.73 (C-1) ppm.
4.3.8 Ethane-1,2-bis(2-hydroxyethyl carbamate)
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A solution of ethylene carbonate (13.2 g, 150 mmol) in water (13 mL) was added slowly
under vigorous stirring at 0 ◦C to 1,2-diaminoethane (4.50 g, 74.9 mmol). The solvent
was removed by freeze-drying the next day, and a colorless powder was obtained. Yield:
16.8 g (71.2 mmol, 95%).
1H NMR (DMSO-d6): δ = 3.03 (m, 4H, H-3), 3.53 (t, 4H, H-5,
3J = 5.1 Hz), 3.95 (t,
4H, H-4, 3J = 5.3 Hz), 4.19 (br s, 2H, H-6), 6.74 (t, 0.2H, H-2(Z)), 7.12 (t, 1.8H, H-2(E))
ppm.
13C NMR (DMSO-d6): δ = 40.48 (C-3), 59.76 (C-5), 65.95 (C-4), 156.76 (C-1) ppm.
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4.3.9 Propane-1,3-bis(2-hydroxyethyl carbamate)
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A solution of ethylene carbonate (25.2 g, 286 mmol) in water (25 mL) was added slowly
under vigorous stirring at 0 ◦C to 1,3-diaminopropane (10.6 g, 143 mmol). The solvent
was removed by freeze-drying the next day, and a colorless powder was obtained. Yield:
31.1 g (124 mmol, 87%).
1H NMR (DMSO-d6): δ = 1.52 (quint, 2H, H-4,
3J = 6.8 Hz), 2.98 (dt, 4H, H-3,
3J = 6.4 Hz), 3.53 (t, 4H, H-6, 3J = 5.3 Hz), 3.95 (t, 4H, H-5, 3J = 5.1 Hz), 4.49 (br s, 2H,
H-7), 6.71 (t, 0.2H, H-2(Z)), 7.08 (t, 1.8H, H-2(E),
3J = 5.4 Hz) ppm.
13C NMR (DMSO-d6): δ = 29.77 (C-4), 37.81 (C-3), 59.41 (C-6), 65.46 (C-5), 156.32
(C-1) ppm.
4.3.10 Butane-1,4-bis(2-hydroxyethyl carbamate)
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A solution of ethylene carbonate (10.7 g, 122 mmol) in water (11 mL) was added slowly
under vigorous stirring at 0 ◦C to 1,4-diaminobutane, 67.5 wt.-% in water, (7.95 g,
60.9 mmol). The solvent was removed by freeze-drying the next day, and a colorless
powder was obtained. Yield: 15.2 g (57.7 mmol, 95%).
1H NMR (DMSO-d6): δ = 1.37 (m, 4H, H-4), 2.96 (m, 4H, H-3), 3.53 (t, 4H, H-6,
3J = 5.1 Hz), 3.95 (t, 4H, H-5, 3J = 5.3 Hz), 4.50 (br s, 2H, H-7), 6.74 (t, 0.2H, H-2(Z)),
7.10 (t, 1.8H, H-2(E),
3J = 5.5 Hz) ppm.
13C NMR (DMSO-d6): δ = 27.15 (C-4), 40.28 (C-3), 59.82 (C-6), 65.78 (C-5), 156.70
(C-1) ppm.
4.3.11 Pentane-1,5-bis(2-hydroxyethyl carbamate)
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A solution of ethylene carbonate (2.11 g, 23.9 mmol) in water (5 mL) was added slowly
under vigorous stirring at 0 ◦C to 1,5-diaminopentane (1.22 g, 12.0 mmol). The solvent
was removed by freeze-drying the next day, and a colorless powder was obtained. Yield:
3.06 g (11.0 mmol, 92%).
1H NMR (DMSO-d6): δ = 1.23 (m, 2H, H-5), 1.37 (m, 4H, H-4), 2.94 (dt, 4H, H-3,
3J = 5.9 Hz), 3.52 (t, 4H, H-7, 3J = 5.1 Hz), 3.93 (t, 4H, H-6, 3J = 5.3 Hz), 3.99 (br s, 2H,
H-8), 6.71 (t, 0.2H, H-2(Z)), 7.07 (t, 1.8H, H-2(E),
3J = 5.7 Hz) ppm.
13C NMR (DMSO-d6): δ = 23.81 (C-5), 29.38 (C-4), 40.47 (C-3), 59.82 (C-7), 65.80
(C-6), 156.74 (C-1) ppm.
4.3.12 Hexane-1,6-bis(2-hydroxyethyl carbamate)
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A solution of ethylene carbonate (10.5 g, 119 mmol) in water (11 mL) was added slowly
under vigorous stirring at 0 ◦C to a solution of 1,6-diaminohexane (6.93 g, 59.7 mmol) in
water (20 mL). The solvent was removed by freeze-drying the next day, and a colorless
powder was obtained. Yield: 16.7 g (57.3 mmol, 96%).
1H NMR (DMSO-d6): δ = 1.23 (m, 4H, H-5), 1.37 (m, 4H, H-4), 2.95 (dt, 4H, H-3,
3J = 5.8 Hz), 3.53 (t, 4H, H-7, 3J = 4.9 Hz), 3.94 (t, 4H, H-6, 3J = 5.1 Hz), 4.00 (br s, 2H,
H-8), 6.73 (t, 0.2H, H-2(Z)), 7.09 (t, 1.8H, H-2(E)) ppm.
13C NMR (DMSO-d6): δ = 25.90 (C-5), 29.33 (C-4), 40.15 (C-3), 59.43 (C-7), 65.37
(C-6), 156.30 (C-1) ppm.
4.3.13 Ethane-1,2-bis(2-hydroxy-methyl-ethyl carbamate)
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A solution of 1,2-propylene carbonate (16.6 g, 162 mmol) in water (17 mL) was added
slowly under vigorous stirring at 0 ◦C to 1,2-diaminoethane (4.88 g, 81.2 mmol). The
solvent was removed by freeze-drying the next day, and a colorless powder was obtained.
Yield: 19.6 g (74.2 mmol, 91%).
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1H NMR (DMSO-d6): δ = 1.04 (d, H-6,
3J = 5.3 Hz), 1.10 (d, H-6’, 3J = 6.4 Hz), 3.02
(m, H-3), 3.38 (m, H-5’), 3.78 (m, H-4, H-5), 4.04 (br s, H-7), 4.62 (m, H-4’), 6.66 (t,
H-2’(Z)), 6.74 (t, H-2(Z)), 7.01 (t, H-2’(E)), 7.10 (t, H-2(E)) ppm.
13C NMR (DMSO-d6): δ = 16.79 (C-6’), 19.91 (C-6), 40.06 (C-3), 63.84 (C-5’), 64.29
(C-5), 68.92 (C-4), 70.89 (C-4’), 156.02 (C-1’), 156.30 (C-1) ppm.
4.3.14 Propane-1,3-bis(2-hydroxy-methyl-ethyl carbamate)
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A solution of 1,2-propylene carbonate (11.1 g, 108 mmol) in water (110 mL) was added
slowly under vigorous stirring at 0 ◦C to 1,3-diaminopropane (4.02 g, 54.2 mmol). The
solvent was removed by freeze-drying the next day, and a colorless wax was obtained.
Yield: 14.9 g (53.8 mmol, 99%).
1H NMR (DMSO-d6): δ = 1.04 (d, H-7,
3J = 5.7 Hz), 1.09 (d, H-7’, 3J = 6.4 Hz),
1.51 (m, H-4), 2.96 (dt, H-3), 3.37 (m, H-6’), 3.77 (m, H-5, H-6), 3.93 (br s, H-8), 4.60
(m, H-5’), 6.63 (t, H-2’(Z)), 6.70 (t, H-2(Z)), 6.97 (t, H-2’(E),
3J = 5.1 Hz), 7.06 (t, H-2(E),
3J = 5.3 Hz) ppm.
13C NMR (DMSO-d6): δ = 17.23 (C-7’), 20.26 (C-7), 38.16 (C-4), 38.16 (C-3), 64.28
(C-6’), 64.74 (C-6), 69.26 (C-5), 71.20 (C-5’), 156.43 (C-1’), 156.70 (C-1) ppm.
4.3.15 Butane-1,4-bis(2-hydroxy-methyl-ethyl carbamate)
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A solution of 1,2-propylene carbonate (11.1 g, 109 mmol) in water (100 mL) was added
slowly under vigorous stirring at 0 ◦C to 1,4-diaminobutane, 67.5 wt.-% in water, (7.10 g,
54.4 mmol). The solvent was removed by freeze-drying the next day, and a colorless wax
was obtained. Yield: 15.6 g (53.4 mmol, 98%).
1H NMR (DMSO-d6): δ = 1.03 (d, H-7,
3J = 5.7 Hz), 1.09 (d, H-7’, 3J = 6.4 Hz),
1.35 (m, H-4), 2.95 (m, H-3), 3.37 (m, H-6’), 3.75 (m, H-5, H-6), 4.09 (br s, H-8), 4.60
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(m, H-5’), 6.65 (t, H-2’(Z)), 6.73 (t, H-2(Z)), 6.98 (t, H-2’(E),
3J = 5.5 Hz), 7.07 (t, H-2(E),
3J = 5.7 Hz) ppm.
13C NMR (DMSO-d6): δ = 17.23 (C-7’), 20.23 (C-7), 27.14 (C-4), 40.24 (C-3), 64.29
(C-6’), 64.77 (C-6), 69.21 (C-5), 71.10 (C-5’), 156.43 (C-1’), 156.70 (C-1) ppm.
4.3.16 Pentane-1,5-bis(2-hydroxy-methyl-ethyl carbamate)
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A solution of 1,2-propylene carbonate (2.40 g, 23.5 mmol) in water (25 mL) was added
slowly under vigorous stirring at 0 ◦C to 1,5-diaminopentane (1.20 g, 11.7 mmol). The
solvent was removed by freeze-drying the next day, and a colorless wax was obtained.
Yield: 3.41 g (11.1 mmol, 95%).
1H NMR (DMSO-d6): δ = 1.03 (d, H-8,
3J = 6.6 Hz), 1.10 (d, H-8’, 3J = 6.6 Hz),
1.23 (m, H-5), 1.37 (m, H-4), 2.95 (m, H-3), 3.36 (m, H-7’), 3.71 (m, H-6, H-7, H-9), 4.60
(m, H-6’), 6.64 (t, H-2’(Z)), 6.73 (t, H-2(Z)), 6.98 (t, H-2’(E),
3J = 4.9 Hz), 7.07 (t, H-2(E),
3J = 5.1 Hz) ppm.
13C NMR (DMSO-d6): δ = 17.24 (C-8’), 20.24 (C-8), 23.95 (C-5), 29.40 (C-4), 40.50
(C-3), 64.28 (C-7’), 64.76 (C-7), 69.20 (C-6), 71.09 (C-6’), 156.42 (C-1’), 156.70 (C-1)
ppm.
4.3.17 Hexane-1,6-bis(2-hydroxy-methyl-ethyl carbamate)
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A solution of 1,2-propylene carbonate (10.8 g, 106 mmol) in water (70 mL) was added
slowly under vigorous stirring at 0 ◦C to a solution of 1,6-diaminohexane (6.17 g,
53.1 mmol) in water (20 mL). The solvent was removed by freeze-drying the next day,
and a colorless powder was obtained. Yield: 16.2 g (50.5 mmol, 95%).
1H NMR (DMSO-d6): δ = 1.03 (d, H-8,
3J = 6.3 Hz), 1.10 (d, H-8’, 3J = 6.6 Hz),
1.22 (m, H-5), 1.36 (m, H-4), 2.95 (m, H-3), 3.36 (m, H-7’), 3.77 (m, H-6, H-7, H-9), 4.60
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(m, H-6’), 6.64 (t, H-2’(Z)), 6.72 (t, H-2(Z)), 6.97 (t, H-2’(E),
3J = 5.5 Hz), 7.06 (t, H-2(E),
3J = 5.5 Hz) ppm.
13C NMR (DMSO-d6): δ = 17.26 (C-8’), 20.27 (C-8), 26.29 (C-5), 29.74 (C-4), 40.44
(C-3), 64.31 (C-7’), 64.77 (C-7), 69.18 (C-6), 71.05 (C-6’), 156.40 (C-1’), 156.67 (C-1)
ppm.
4.3.18 Polycondensation of Bis(phenyl carbamate)s with Ethy-
lene Glycol
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The respective bis(phenyl carbamate), e.g., 34e (2.85 g, 7.89 mmol), ethylene glycol
(490 mg, 7.89 mmol), and Bu2Sn(OMe)2 (2 wt.-%) were heated under stirring to 140
◦C
in a nitrogen atmosphere. After stirring the melt overnight, vacuum (10−2 mbar) was
applied for 2 h and the resulting phenol was distilled off. The polymer was dissolved in
formic acid and precipitated in diethyl ether.
The procedure described for the preparation of polyurethane 35e was used for all poly-
urethanes 35a–e with the exception that the reaction temperature for 35a was 170 ◦C.
Small amounts of ethylene carbonate and, for ethane-1,2-bis(phenyl carbamate) 34a,
propane-1,3-bis(phenyl carbamate) 34b, or butane-1,4-bis(phenyl carbamate) 34c, large
amounts of dimethylene urea, trimethylene urea, or tetramethylene urea crystallized on
the mouth of the flask. Yield, molecular weight, molecular weight distribution, and NMR
data are given in Table 4.1.
Table 4.1: Yield, molecular weight, molecular weight distribution, and NMR data of the
polyurethanes 35a–e.
1H and 13C NMR data (δ in ppm)
Yield M¯n
a M¯w
a M¯w/M¯n
a Sb H-2 H-3 H-4 H-5 H-6
% C-1 C-3 C-4 C-5 C-6
35a 44 not soluble at 80 ◦C Tc – 3.68 – – 4.02
156.29 40.04 – – 62.75
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Table 4.1: Continued.
1H and 13C NMR data (δ in ppm)
Yield M¯n
a M¯w
a M¯w/M¯n
a Sb H-2 H-3 H-4 H-5 H-6
% C-1 C-3 C-4 C-5 C-6
35b 75 17 500 32 100 1.84 Dd 7.17 2.96 1.52 – 4.09
156.36 38.26 30.07 – 62.79
35c 72 not soluble at 80 ◦C De 6.64 2.99 1.45 – 4.13
156.36 40.64 27.14 – 62.78
35d 87 not soluble at 80 ◦C Dd 7.16 2.93 1.37 1.20 4.08
156.36 40.54 29.34 23.80 62.73
35e 82 10 900 20 200 1.85 Dd 7.18 2.94 1.37 1.22 4.08
156.32 40.51 29.69 26.29 62.70
aDetermined by GPC relative to PS standards. b Solvent. cTFA-d. dDMSO-d6 at room temperature.
eDMSO-d6 at 100 ◦C.
4.3.19 Polycondensation of Bis(phenyl carbamate)s with 1,2-
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The respective bis(phenyl carbamate), e.g., 34c (2.29 g, 6.97 mmol), 1,2-propanediol
(530 mg, 6.97 mmol), and Bu2Sn(OMe)2 (2 wt.-%) were heated under stirring to 140
◦C
in a nitrogen atmosphere. After stirring the melt overnight, vacuum (10−2 mbar) was
applied for 2 h and the resulting phenol was distilled off. The polymer was dissolved in
formic acid and precipitated in diethyl ether.
The procedure described for the preparation of polyurethane 36c was used for all poly-
urethanes 36a–e with the exception that the reaction temperature for 36a was 170 ◦C.
Small amounts of 1,2-propylene carbonate and, for ethane-1,2-bis(phenyl carbamate)
34a, propane-1,3-bis(phenyl carbamate) 34b, or butane-1,4-bis(phenyl carbamate) 34c,
large amounts of dimethylene urea, trimethylene urea, or tetramethylene urea crystallized
on the mouth of the flask. Yield and NMR data are given in Table 4.2.
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Molecular weight and molecular weight distribution were determined by GPC analysis:
M¯n = 11 800, M¯w = 20 200, and M¯w/M¯n = 1.71 for polyurethane 36b, M¯n = 18 700,
M¯w = 33 000, and M¯w/M¯n = 1.77 for polyurethane 36d, and M¯n = 25 800, M¯w = 102 100,
and M¯w/M¯n = 3.96 for polyurethane 36e. The molecular weight and molecular weight
distribution of the polyurethanes 36a and 36c cannot be determined by means of GPC,
because the polymers are not soluble in DMAc at 80 ◦C.
Table 4.2: Yield and NMR data of the polyurethanes 38a–e.
1H and 13C NMR data (δ in ppm)
Yield Sa H-2 H-2’ H-3 H-4 H-5 H-6,6’ H-7,7’ H-8
% C-1 C-1’ C-3 C-4 C-5 C-6,6’ C-7,7’ C-8
38a 20 Tb – – 3.08 – – 4.82 3.75 1.17
156.45 156.14 42.08 – – 68.71 66.32 16.91
38b 33 Dc 7.14 7.06 2.96 1.47 – 4.81 3.97 1.13
156.41 156.11 36.15 31.10 – 68.58 66.29 16.92
38c 42 not soluble in DMSO-d6 or TFA-d
38d 71 Dc 7.14 7.05 2.92 1.39 1.22 4.80 3.94 1.11
156.38 156.07 36.17 29.33 23.80 68.51 66.21 16.99
38e 65 Dd 7.16 7.07 2.93 1.36 1.22 4.81 3.96 1.14
156.06 155.73 40.26 29.43 26.02 68.20 65.93 16.78
a Solvent. b TFA-d. cDMSO-d6 at room temperature. dDMSO-d6 at 100 ◦C.
4.3.20 Polycondensation of Bis(2-hydroxyethyl carbamate)s
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The respective bis(2-hydroxyethyl carbamate) 21a–e and 2 wt.-% of Bu2Sn(OMe)2 were
heated under stirring to 150 ◦C in a nitrogen atmosphere. After 1 h, vacuum (10−2 mbar)
was applied for 3 h and the resulting ethylene glycol was distilled off. The polymer was
dissolved in formic acid and precipitated in diethyl ether.
Small amounts of ethylene carbonate and for ethane-1,2-bis(2-hydroxyethyl carba-
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mate) 21a or propane-1,3-bis(2-hydroxyethyl carbamate) 21b, large amounts of dimeth-
ylene urea or trimethylene urea crystallized on the mouth of the flask. Yield, molecular
weight, molecular weight distribution, and NMR data are given in Table 4.3.
Table 4.3: Yield, molecular weight, molecular weight distribution, and NMR data of the
polyurethanes 31a–e.
1H and 13C NMR data (δ in ppm)
Yield M¯n
a M¯w
a M¯w/M¯n
a Sb H-2 H-3 H-4 H-5 H-6
% C-1 C-3 C-4 C-5 C-6
31a 27 not soluble at 80 ◦C Dc 7.20 3.02 – – 4.09
156.44 36.35 – – 62.86
31b 58 6 800 12 700 1.85 Dd 7.17 2.96 1.51 – 4.08
156.38 38.24 30.06 – 62.79
31c 73 5 600 8 100 1.44 Dd 7.19 2.94 1.36 – 4.08
156.37 40.38 27.08 – 62.74
31d 73 not soluble at 80 ◦C Te – 3.30 1.64 1.38 4.38
159.46 41.96 28.32 23.61 64.79
31e 82 not soluble at 80 ◦C Te – 3.23 1.56 1.30 4.33
159.51 42.34 28.82 26.30 64.97
aDetermined by GPC relative to PS standards. b Solvent. cDMSO-d6 at 100 ◦C. dDMSO-d6
at room temperature. e TFA-d.
4.3.21 Polycondensation of Bis(2-hydroxy-methyl-ethyl carba-
mate)s
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The respective bis(2-hydroxy-methyl-ethyl carbamate) 37a–e and 2 wt.-% of
Bu2Sn(OMe)2 were heated under stirring to 150
◦C in a nitrogen atmosphere. After 1 h,
vacuum (10−2 mbar) was applied for 3 h and the resulting 1,2-propanediol was distilled
off. The polymer was dissolved in formic acid and precipitated in diethyl ether.
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Small amounts of 1,2-propylene carbonate and for ethane-1,2-bis(2-hydroxy-methyl-
ethyl carbamate) 37a or propane-1,3-bis(2-hydroxy-methyl-ethyl carbamate) 37b, large
amounts of dimethylene urea or trimethylene urea crystallized on the mouth of the flask.
Yield and NMR data are given in Table 4.4.
Molecular weight and molecular weight distribution were determined by GPC analysis:
M¯n = 2 400, M¯w = 3 500, and M¯w/M¯n = 1.45 for polyurethane 38a, and M¯n = 7 700,
M¯w = 13 900, and M¯w/M¯n = 1.80 for polyurethane 38b. The molecular weight and
molecular weight distribution of the polyurethanes 38c–e cannot be determined by means
of GPC, because the polymers are not soluble in DMAc at 80 ◦C.
Table 4.4: Yield and NMR data of the polyurethanes 38a–e.
1H and 13C NMR data (δ in ppm)
Yield Sa H-2 H-2’ H-3 H-4 H-5 H-6,6’ H-7,7’ H-8
% C-1 C-1’ C-3 C-4 C-5 C-6,6’ C-7,7’ C-8
38a 20 Db 7.21 7.12 3.08 – – 4.82 3.75 1.17
156.45 156.14 42.08 – – 68.71 66.32 16.91
38b 57 Db 7.12 7.04 3.00 1.50 – 4.83 3.99 1.13
156.46 156.18 38.13 30.62 – 68.63 64.84 16.75
38c 67 Dc 6.57 6.47 3.06 1.45 – 4.31 3.86 1.12
156.50 156.08 39.63 20.20 – 68.67 64.74 17.00
38d 72 not soluble in DMSO-d6 or TFA-d
38e 69 Dc 6.60 6.52 3.02 1.46 1.31 4.86 4.01 1.16
156.36 156.06 39.81 29.67 26.42 68.65 65.09 17.00
a Solvent. bDMSO-d6 at room temperature. cDMSO-d6 at 100 ◦C.
4.4 Results and Discussion
Aliphatic polyurethanes 35a–e and 36a–e (with a pendant methyl group) were ob-
tained from a homologous series of diamines 22a–e, diphenyl carbonate, and ethylene
glycol or 1,2-propanediol. Alternatively, the polyurethanes 31a–e and 38a–e (with a
pendant methyl group) were prepared from diamines 22a–e and ethylene carbonate or
1,2-propylene carbonate (Scheme 4.2). Because of the toxicity of phenol, the use of a
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Scheme 4.2: Synthesis of polyurethanes from a homologous series of diamines, diphenyl
carbonate, and ethylene glycol or 1,2-propanediol, and from diamines, ethylene carbonate,
or 1,2-propylene carbonate; (i) 22a–e/diphenyl carbonate = 1/3, CH2Cl2, rt, t = 24 h;
(ii) 34a–e/ethylene glycol or 1,2-propanediol = 1/1, Bu2Sn(OMe)2 (2 wt.-%), T = 140–
170 ◦C, t = 24 h at normal pressure and t = 2 h at reduced pressure (10−2 mbar); (iii)
22a–e/ethylene carbonate or 1,2-propylene carbonate = 1/2, H2O, T = 0
◦C → rt, t =
24 h; (iv) 21a–e or 37a–e, Bu2Sn(OMe)2 (2 wt.-%), T = 150
◦C, t = 1 h at normal
pressure and t = 3 h at reduced pressure (10−2 mbar).
five-membered cyclic carbonate as the carbonic acid source seems to be an excellent alter-
native to diphenyl carbonate leading to polyurethanes (35a–e/31a–e or 36a–e/38a–e)
with nearly the same microstructure but different end groups, as will be shown in this
chapter.
Bis(phenyl carbamate)s 34a–e were synthesized from diamines and a small excess of
diphenyl carbonate in dichloromethane at room temperature. The bis(phenyl carbamate)s
were obtained in high purity, as was deduced from NMR analysis, by precipitation of the
crude products in diethyl ether.
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Polycondensation of bis(phenyl carbamate)s 34a–e with ethylene glycol or 1,2-
propanediol in a ratio of 1:1 was performed with Bu2Sn(OMe)2 as a catalyst at 140
or 170 ◦C, depending on the melting temperature of the bis(phenyl carbamate), for 24 h
at normal pressure and 2 h at reduced pressure. 1H and 13C NMR spectroscopy of the
condensate revealed that it did not only contain phenol, but ethylene carbonate or 1,2-
propylene carbonate as well. Thus, the glycol end groups in the polyurethanes are rela-
tively unstable and, by thermal treatment, ethylene carbonate or 1,2-propylene carbon-
ate is eliminated in a back-biting reaction. Furthermore, large amounts of dimethylene
urea, trimethylene urea, or tetramethylene urea crystallized on the mouth of the flask for
the polycondensation of ethane-1,2-bis(phenyl carbamate) 34a, propane-1,3-bis(phenyl
carbamate) 34b, or butane-1,4-bis(phenyl carbamate) 34c. The microstructure of the
polyurethanes will be discussed below.
Although not all polyurethanes were soluble in DMAc at 80 ◦C, it is believed that the
GPC analysis of the polyurethanes which are soluble is representative of all polyurethanes
35a–e and 36a–e (10 900 < M¯n < 25 800; 20 200 < M¯w < 102 100; 1.71 < M¯w/M¯n <
3.96). Hence, polyurethanes with moderate molecular weights were obtained. It should be
noted that all measured polyurethanes show unimodal elution curves, except polyurethane
36e.
Bis(2-hydroxyethyl carbamate)s 21a–e and bis(2-hydroxy-methyl-ethyl carbamate)s
37a–e were synthesized from diamines and 2 equivalents of ethylene carbonate or 1,2-
propylene carbonate in water. The bis(2-hydroxyethyl carbamate)s and bis(2-hydroxy-
methyl-ethyl carbamate)s were obtained in high purity, as was deduced from NMR anal-
ysis in DMSO-d6. However, NMR analysis shows the formation of small amounts of
ethylene glycol or 1,2-propanediol, i.e., the formation of “dimers” with a urea moiety
cannot be avoided completely. The NMR spectrum of ethane-1,2-bis(2-hydroxyethyl car-
bamate) 21a, for example, shows the resonance lines of methylene groups adjacent to the
newly formed urethane group at δ = 3.03 and 40.48 ppm, and the resonance lines of the
urethane group at δ = 6.74 (Z )/7.12 (E ) and 156.76 ppm. The NH resonance signal of the
urethane groups is split into two signals, because of conformational restrictions around
the CO–N bond. This observation was also made for other urethane compounds.[33, 37, 48]
The resonance lines of the methylene groups adjacent to an oxygen atom are found at
δ = 3.53 and 59.76 ppm (CH2OH), and δ = 3.95 and 65.95 ppm (CH2OCONH).
For the ring-opening reaction of 1,2-propylene carbonate with diamines to form bis(2-
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hydroxy-methyl-ethyl carbamate)s, three different isomers, i.e., bis(2-hydroxy-2-methyl-
ethyl carbamate) 37I, bis(2-hydroxy-1-methyl-ethyl carbamate) 37II, and α-(2-hydroxy-
2-methyl-ethyl carbamate)-ω-(2-hydroxy-1-methyl-ethyl carbamate)alkane 37III, are ex-
pected.
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Endo and co-workers investigated the substituent effect on the reactivity and selectiv-
ity of the ring-opening direction in the reaction of five-membered cyclic carbonates with
n-hexylamine.[62] They found that the reactivity of the cyclic carbonate and the formation
selectivity of the adduct with a secondary hydroxy group increased as a stronger electron-
withdrawing group (CF3 > PhOCH2 > Ph > CH3) was introduced at the α-methylene
group of the cyclic carbonate. For the ring opening of 1,2-propylene carbonate 39 with
n-hexylamine in DMSO-d6 as the solvent, a product ratio of 40I:40II of 55:45 was found
(Equation 4.1).
O O
O
+ O NHRHO
O
O NHRHO
O
+
40I 40II
NH2R
R = CH3(CH2)539
(4.1)
The direction of ring opening of 1,2-propylene carbonate with diamines in water as
the solvent was investigated by means of NMR spectroscopy using, in addition, H–H and
H–C correlation spectroscopy (COSY), and attached proton test (APT) measurements.
Figure 4.1 illustrates the H–H COSY NMR spectrum of polyurethane 38a obtained from
1,2-propylene carbonate and 1,2-diaminoethane. Clear differences were observed for the
proton signals of the methylene group (δ = 3.78 ppm; H-4) and methine group (δ =
4.62 ppm; H-4’) adjacent to the oxygen atom of the urethane group. Furthermore, it is
clear from this spectrum that proton H-4’ correlates with proton H-5’ (δ = 3.38 ppm)
and proton H-6’ (δ = 1.10 ppm). Proton H-4, however, correlates only with proton H-5
(δ = 3.78 ppm), which in turn correlates with proton H-6 (δ = 1.04 ppm). The signal
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Figure 4.1: 1H NMR and H–H correlation spectrum of ethane-1,2-bis(2-hydroxy-methyl-
ethyl carbamate) 37a in DMSO-d6 (T = TMS; * = 1,2-propanediol; + = 1,2-propylene
carbonate; D = DMSO; # = urea linkage).
at δ = 3.02 ppm is attributable to the methylene protons of the diamine unit. Finally,
the characteristic shifts of the NH protons of the urethane groups are found at δ = 7.01
(H-2’) and 7.10 ppm (H-2). This assignment was made by comparing the NH proton
shift of the bis(2-hydroxyethyl carbamate)s with that of the bis(2-hydroxy-methyl-ethyl
carbamate)s. Each NH resonance signal of the urethane groups is split into two signals,
because of conformational restrictions around the CO–N bond; the Z conformers show
signals at δ = 6.66 and 6.74 ppm, and the E conformers at δ = 7.01 and 7.10 ppm. The
13C NMR spectrum shows the resonance lines of the carbonyl carbons at δ = 156.02 (C-1’)
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Figure 4.2: 13C NMR, H–C correlation, and APT spectrum of ethane-1,2-bis(2-hydroxy-
methyl-ethyl carbamate) 37a in DMSO-d6 (T = TMS; * = 1,2-propanediol; + = 1,2-
propylene carbonate; D = DMSO).
and 156.30 ppm (C-1) (Figure 4.2). In addition, H–C correlation spectroscopy was done
to elucidate the signals at lower field. The resonance lines of the methyl carbon atoms C-
6’ and C-6 are found δ = 16.79 and 19.91 ppm, respectively, and of the methylene carbon
atoms C-3 at δ = 40.06 ppm. The methylene (C-5’ or C-4) and methine carbon atoms
(C-5 or C-4’) are assigned by means of APT measurements and are found at δ = 63.84,
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68.92, 64.29, and 70.89 ppm, respectively.
The ratio of primary hydroxyurethanes to secondary hydroxyurethanes was calculated
from the 1H NMR spectrum (Figure 4.1). Therefore, the signal intensity of the urethane
proton H-2’(E) (I2′ , δ = 7.01 ppm) was compared with the signal intensity of the urethane
proton H-2(E) (I2, δ = 7.10 ppm). The content of primary hydroxy groups (p-HG) in the
bis(2-hydroxy-methyl-ethyl carbamate)s was calculated according to Equation 4.2.
% p-HG =
I2′
I2′ + I2
× 100%, (4.2)
The content of primary hydroxy groups was found to lie between 57 and 63%. Thus, ring
opening of 1,2-propylene carbonate with diamines in water as the solvent leads with a
minor preference to the formation of primary hydroxy groups.
Polycondensation of bis(2-hydroxyethyl carbamate)s 21a–e and bis(2-hydroxy-
methyl-ethyl carbamate)s 37a–e was performed with Bu2Sn(OMe)2 as a catalyst at 150
◦C
for 1 h at normal pressure and 3 h at reduced pressure.
The molecular weight and molecular weight distribution of the polyurethanes were
determined by means of GPC with DMAc as the eluent. However, not all polyurethanes
are soluble in DMAc, but a correlation between structure and solubility cannot be found.
It is believed that the GPC analysis of the polyurethanes which are soluble is representa-
tive for all polyurethanes 31a–e and 38a–e (2 400 < M¯n < 7 700; 3 500 < M¯w < 13 900;
1.44 < M¯w/M¯n < 1.85). Hence, significantly lower molecular weights were obtained for
polyurethanes 31a–e and 38a–e than for 35a–e and 36a–e, because ethylene glycol or
1,2-propanediol is a poorer leaving group compared with phenol.
The purified polymers 35a–e or 36a–e (with phenyl end groups) show similarities,
but also differences to 31a–e or 38a–e (with glycol end groups). A comparison of the
1H NMR spectra of polymer 35b and 31b reveal differences in the microstructure: the
ratio of urethane to urea units is 100:16 in polymer 35b and 100:32 in polymer 31b
(Figure 4.3). 1H and 13C NMR analysis of the condensate of the polymers 31a–e or
38a–e (with glycol end groups) revealed, besides the formation of ethylene glycol or 1,2-
propanediol, the presence of ethylene carbonate or 1,2-propylene carbonate. As postulated
by Rokicki et al.,[48] ethylene carbonate or 1,2-propylene carbonate is eliminated from
the chain end at higher temperature under formation of α-hydroxy-ω-amines. These
react subsequently with the bis(2-hydroxyethyl carbamate) or bis(2-hydroxy-methyl-ethyl
carbamate), respectively, to produce a urea linkage (Equation 4.3).
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Figure 4.3: 1H NMR spectrum in DMSO-d6 of (a) polyurethane 35b obtained from
the polycondensation of propane-1,3-bis(phenyl carbamate) 34b and ethylene glycol at
140 ◦C and (b) polyurethane 31b obtained from the polycondensation of propane-1,3-
bis(2-hydroxyethyl carbamate) 21b at 150 ◦C (D = DMSO; H = H2O; # = urea linkage;
E = end group).
Furthermore, large amounts of dimethylene urea or trimethylene urea crystallized on
the mouth of the flask for the polycondensation of ethane-1,2-bis(carbamate)s 21a and
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37a, or propane-1,3-bis(carbamate)s 21b and 37b, respectively.
The urea content of the polymers 35a–e and 36a–e (with phenyl end groups) is
higher than previously found for poly(amide urethane)s obtained from the polyconden-
sation reactions of α-hydroxy-ω-O-phenyl urethanes, where a urea content of 5% was
found.[56] The latter polycondensation reactions are normally conducted at 90–120 ◦C,
but the polycondensation reactions of bis(phenyl carbamate)s with ethylene glycol or
1,2-propanediol were carried out at 140 ◦C—except for ethane-1,2-bis(phenyl carbamate),
which was carried out at 170 ◦C—because of the relatively high melting points of the
bis(phenyl carbamate)s.
The 1H NMR spectrum of polyurethane 38b in DMSO-d6 (Figure 4.4) shows the
resonance lines of the methyl protons at δ = 1.13 ppm and the methylene protons between
the urethane groups at 1.50 and 3.00 ppm. The signals of the methine and methyl protons
adjacent to an oxygen atom are found at δ = 4.83 and 3.99 ppm. The characteristic
shifts of the NH protons of the urethane groups are found at δ = 7.04 and 7.12 ppm (E
conformers) and δ = 6.69 and 6.75 ppm (Z conformers). The ratio of urethane to urea
(δ = 5.93 ppm) units is 100:67, indicating that a large amount of 1,2-propylene carbonate
was eliminated from the polymer.
Economically and ecologically, there are some advantages of using ethylene carbonate
or 1,2-propylene carbonate instead of diphenyl carbonate for the preparation of polyure-
thanes: (i) with ethylene carbonate or 1,2-propylene carbonate, aminolysis is performed
in water while the aminolysis of diphenyl carbonate requires dichloromethane; (ii) during
polycondensation of bis(2-hydroxyethyl carbamate)s or bis(2-hydroxy-methyl-ethyl car-
bamate)s, ethylene glycol or 1,2-propanediol is formed as a by-product which is nontoxic
in contrast to phenol.
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Figure 4.4: 1H NMR spectrum in DMSO-d6 of polyurethane 38b obtained from the poly-
condensation of propane-1,3-bis(2-hydroxy-methyl-ethyl carbamate) 37b at 150 ◦C (E =
end group; D = DMSO; H = H2O; # = urea linkage).
4.4.1 Thermal Properties
In order to determine the influence of the microstructure and the end groups, as well as
the pendant methyl group on the thermal properties, the polyurethanes were analyzed by
means of TGA and DSC.
The TGA thermograms of the polyurethanes 35a–e (with phenyl end groups) and
31a–e (with ethylene glycol end groups) show a dependence of the degradation temper-
ature on the microstructure and possibly on the end groups (Figure 4.5). The polyure-
thanes with 1,2-diaminoethane and 1,3-diaminopropane in the repeating unit decompose
by a “zip-mechanism” with formation of cyclic dimethylene urea or trimethylene urea.
The polyurethanes with 1,4-diaminobutane, 1,5-diaminopentane, or 1,6-diaminohexane
in the repeating unit decompose at high temperatures by random chain cleavage with
formation of isocyanates which is characteristic of urethane linkages. This corresponds to
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Figure 4.5: TGA of polyurethanes: (a) polyurethanes 35a–e obtained from the poly-
condensation of bis(phenyl carbamate)s 34a–e and ethylene glycol at 140 ◦C and (b)
polyurethanes 31a–e obtained from the polycondensation of bis(2-hydroxyethyl carba-
mate)s 21a–e at 150 ◦C; — (35a or 31a); −− (35b or 31b); · · · (35c or 31c); − · (35d
or 31d); − · · (35e or 31e).
the expected ring-formation probability; five- and six-membered rings have high formation
probabilities. This assumption is supported by investigations on the thermal decompo-
sition of poly(amide urea)s, where we isolated the corresponding five- and six-membered
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Figure 4.6: TGA of polyurethanes 38a–e obtained from the polycondensation of bis(2-
hydroxy-methyl-ethyl carbamate)s 37a–e at 150 ◦C; — (38a); −− (38b); · · · (38c); − ·
(38d); − · · (38e).
cyclic ureas.[57]
Figure 4.6 shows the TGA thermograms of the polyurethanes 38a–e obtained from
bis(2-hydroxy-methyl-ethyl carbamate)s. The polyurethanes with 1,2-diaminoethane and
1,3-diaminopropane in the repeating unit decompose by a “zip-mechanism” with forma-
tion of cyclic ureas, while those with a higher number of methylene groups in the repeating
unit decompose by random chain cleavage with formation of isocyanates. Furthermore, a
comparison of Figure 4.5b with 4.6 shows that the polyurethanes with the same diamine
in the repeating unit decompose at exactly the same temperature. It is of no importance
whether the polyurethanes are built from ethylene carbonate or 1,2-propylene carbonate.
The methyl group in the repeating unit, which introduces atacticity, plays no role in the
thermal stability of the polyurethanes.
The DSC measurements of both series of polyurethanes 35a–e and 31a–e show sim-
ilarities as well as differences (Table 4.5). The polyurethanes with phenyl end groups
35a–e, in particular 35d and 35e, are semicrystalline. They show a melting transition in
the first as well as the second heating run. In the second heating run, the melting tempera-
tures are slightly lower; the melting enthalpies, however, remain unchanged. Polyurethane
35b shows only a melting transition in the first heating run. Upon cooling the melt, no
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Table 4.5: DSC results of the polyurethanes 35a–e (with phenyl end groups) and 31a–e
(with ethylene glycol end groups).
Heating/cooling Tg Tcr ∆Hcr Tm ∆Hm
◦C ◦C J·g−1 ◦C J·g−1
35a 1st heating 31.9 – – – –
35b 1st heating 29.8 – – 160.6 52.0
2nd heating 48.9 – – – –
35c 1st heating 48.5 – – – –
2nd heating 39.4 – – – –
35d 1st heating 31.3 – – 166.8 57.6
2nd heating 41.3 101.9 −39.0 163.3 57.5
35e 1st heating 32.2 – – 173.1 56.6
cooling – 136.4 −41.8 – –
2nd heating 35.0 – – 167.5 52.5
31a 1st heating 46.3 – – – –
31b 1st heating 24.2 – – – –
2nd heating 46.0 – – – –
31c 1st heating 44.4 – – 193.8 55.5
cooling – 153.6 −40.3 – –
2nd heating 40.4 – – 190.6a 44.7
31d 1st heating 58.0 – – – –
2nd heating 40.5 – – – –
31e 1st heating 45.1 – – – –
2nd heating 35.0 – – – –
aThe sample shows a shoulder at Tm = 177.2 ◦C.
crystallization occurs. This means that crystallization occurs slowly from the melt and
annealing would be necessary to obtain crystals. The glass transition temperatures of
the polyurethanes 35a–e lie between 30 and 50 ◦C. The polyurethanes with ethylene
glycol end groups 31a–e show, in the second heating run, approximately the same glass
transition temperatures. However, the crystallinity of these materials differs from that of
the polyurethanes with phenyl end groups. Only polyurethane 31c is a semicrystalline
material which, upon first heating, exerts a Tm of 193.8
◦C. Upon a second heating, the
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Table 4.6: DSC results of the polyurethanes 36a–e (with phenyl end groups) and 38a–e
(with 1,2-propanediol end groups).
Heating/cooling Tg Tm ∆Hm
◦C ◦C J·g−1
36a 1st heating 54.4 – –
2nd heating 37.9 – –
36b 1st heating 29.1 – –
2nd heating 30.9 – –
36c 1st heating 52.8 – –
2nd heating 41.1 – –
36d 1st heating 44.3 – –
2nd heating 45.9 – –
36e 1st heating 36.6 109.0 22.4
2nd heating 39.3 – –
38a 1st heating 53.8 – –
2nd heating 52.3 – –
38b 1st heating 22.9 – –
38c 1st heating 41.0 – –
38d 1st heating 34.3 – –
38e 1st heating 55.8 – –
2nd heating 45.2 – –
melting temperature is slightly lower. In addition, the melting transition shows a shoulder
at lower temperatures, indicating crystallites of different sizes.
The DSC results of the polyurethanes with a pendant methyl group in the repeating
unit are summarized in Table 4.6. These results show that the polyurethanes are amor-
phous materials or materials with a low degree of crystallinity (polyurethane 36e), because
of the atacticity of the polymers. Only polyurethane 36e exerts, upon first heating, a
Tm of 109.0
◦C (∆Hm = 22.4 J·g−1) which is significantly lower than the melting tem-
perature (melting enthalpy) of the corresponding polyurethane 35e without a pendant
methyl group. The glass transition temperatures of the polyurethanes with a pendant
methyl group differ not significantly from the polyurethanes without a pendant methyl
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group, i.e., the pendant methyl group influences only the degree of crystallinity of the
polyurethanes, not the glass transition temperature. The glass transition temperatures
of the polyurethanes 38b–d cannot be determined in the second heating run.
4.5 Conclusions
Polyurethanes from ethylene carbonate or 1,2-propylene carbonate and diamines were
prepared in two steps, the last being the polycondensation reaction of bis(2-hydroxyethyl
carbamate)s or bis(2-hydroxy-methyl-ethyl carbamate)s which was performed at 150 ◦C.
Alternatively, polyurethanes were prepared from diamines, diphenyl carbonate, and ethy-
lene glycol or 1,2-propanediol in two steps, the last being the polycondensation reaction
of bis(phenyl carbamate)s with ethylene glycol or 1,2-propanediol at 140–170 ◦C. All
polymers have urea groups besides urethane groups. The relatively high content of urea
groups in the polycondensation reactions of bis(phenyl carbamate)s with ethylene glycol
or 1,2-propanediol—compared with the polycondensation reactions of α-hydroxy-ω-O-
phenyl urethanes, previously investigated by our group,[56] to form poly(amide urethane)s
with 5% of urea groups—is explained by the relatively high reaction temperature which
increases the amount of possible side reactions. One type of side reactions observed is
the cleavage of cyclic ureas and ethylene carbonate or 1,2-propylene carbonate during
polycondensation. Therefore, the yield of the polyurethanes with 1,2-diaminoethane or
1,3-diaminopropane in the repeating unit are low.
DSC measurements showed that the introduction of a pendant methyl group in the
repeating unit influences significantly the degree of crystallinity of the polymers. The
glass transition temperatures, however, are not influenced. Furthermore, TGA measure-
ments showed that, for the thermal stability of the polyurethanes, it is of no importance
whether the polymers are prepared from ethylene carbonate or 1,2-propylene carbonate,
i.e., polyurethanes with the same diamine in the repeating unit decompose at the same
temperature.
Chapter 5
Polyurethanes with Pendant
Hydroxy Groups: Synthesis and
Characterization
5.1 Summary
(2-Oxo-1,3-dioxolan-4-yl)methyl phenyl carbonate 47 was synthesized from glycerol car-
bonate and phenyl chloroformate. Polyurethanes with pendant hydroxy groups were
obtained from polycondensation reactions of this AA’ monomer with diamines (H2N–
(CH2)x–NH2; x = 2–6). These polymers contain primary as well as secondary hydroxy
groups. The obtained polyhydroxyurethanes are amorphous materials. The glass transi-
tion temperature decreases with increasing number of methylene groups in the diamine
unit.
5.2 Introduction
Polymers with pendant functional groups are of interest as starting materials for complex
polymer architectures, e.g., comb, brush, dendron jacketed linear, and hypergrafted poly-
mers. Hydroxy groups represent one class of such suitable functional groups. For exam-
ple, Lahann and Langer synthesized a poly(hydroxymethyl-p-xylylene)-co-(p-xylylene) by
chemical vapor deposition polymerization of 4-(hydroxymethyl)[2.2]paracyclophane and
[2.2]paracyclophane.[63] They used these polymers as starting materials for the synthesis
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of patterned polymer brushes by activating the hydroxy group, followed by a surface-
initiated ring-opening polymerization of ε-caprolactone. Nishikubo and co-workers syn-
thesized fluorine-containing polyethers with pendant hydroxy groups by polycondensation
of bis(epoxide)s with diols.[64] Furthermore, they were able to transform 50% of the hy-
droxy groups into tert-butyl ester moieties by the reaction of the pendant hydroxy group
with tert-butyl bromoacetate in the presence of cesium carbonate as the acid acceptor
and tetrabutylammonium bromide as a catalyst.
Polyurethanes with pendant hydroxy groups were synthesized from five- and six-
membered cyclic bis(carbonate)s and diamines.[16–24] In particular, Endo and co-workers
synthesized several five-, six-, as well as seven-membered cyclic bis(carbonate)s, e.g., 41,
42, 43, and 44, and investigated their use as AA monomers in polycondensation reac-
tions with diamines as BB monomers to obtain AA/BB-type polyurethanes with pendant
hydroxy groups.[20–24,65]
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They found that the polyhydroxyurethanes have relatively low molecular weights com-
pared to commercial polyurethanes obtained from diisocyanates and diols, but absorb
water 15–35 times more.[24] Furthermore, they found that the five-membered cyclic car-
bonates react relatively slowly with amines particularly at ambient temperature, and
annealing causes yellowing of the polymers. However, the six-membered cyclic carbonate
reacts 28–60 times faster than the five-membered one.[66]
In this chapter we report on the synthesis of a novel monomer 47, (2-oxo-1,3-dioxo-
lan-4-yl)methyl phenyl carbonate, with two electrophilic sites. This monomer is used in
a polycondensation reaction with diamines to prepare polyurethanes. The polyurethanes
contain pendant primary and secondary hydroxy groups. The structure of the polyhy-
droxyurethanes is determined by means of NMR spectroscopy, the molecular weight and
molecular weight distribution are determined by means of gel permeation chromatography
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(GPC), and the thermal properties by means of differential scanning calorimetry (DSC)
and thermogravimetric analysis (TGA).
5.3 Experimental Part
5.3.1 Materials
Starting materials and reagents used for the monomer synthesis and polymerization reac-
tions were of high purity. Glycerol (Acros Organics), 1,4-diaminobutane (Aldrich), 1,5-
diaminopentane (Fluka), 1,6-diaminohexane (Fluka), N,N -dimethylacetamide (DMAc,
Acros Organics), ethylene carbonate (Acros Organics), and aluminum oxide (90, active,
acidic, Merck) were used as received. 1,2-Diaminoethane (BASF) and 1,3-diaminopro-
pane (BASF) were distilled before use. Where necessary, the reactions were conducted
in a nitrogen atmosphere. Nitrogen (Linde) was passed over molecular sieves (4 A˚) and
finely distributed potassium on aluminum oxide for purification.
5.3.2 Measurements
1H and 13C NMR spectra were recorded on a Bruker DPX-300 FT-NMR spectrometer at
300 and 75 MHz, respectively. Dimethyl sulfoxide (DMSO-d6) was used as a solvent, and
tetramethylsilane (TMS) served as an internal standard.
Gel permeation chromatography (GPC) analyses were carried out using a high-
pressure liquid chromatography pump (Bischoff HPLC pump 2200) and a refractive index
detector (Waters 410). The eluting solvent was N,N -dimethylacetamide (DMAc) with
2.44 g·L−1 LiCl and a flow rate of 0.8 mL·min−1. Four columns with MZ-DVB gel were
applied: length of each column, 300 mm; diameter, 8 mm; diameter of gel particles, 5 µm;
nominal pore widths, 100, 100, 103, 104 A˚. Calibration was achieved using polystyrene
standard samples with a narrow molecular weight distribution.
Differential scanning calorimetric (DSC) analyses were performed on a Netzsch DSC
204 in a nitrogen atmosphere with heating and cooling rates of 10 K·min−1. Calibration
was achieved using indium standard samples.
Thermogravimetric analyses (TGA) were performed on a TG 209 with a TA-System-
Controller TASC 414/2 from Netzsch. The measurements were performed in a nitrogen
atmosphere with a heating rate of 10 K·min−1.
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5.3.3 4-(Hydroxymethyl)-1,3-dioxolan-2-one (Glycerol Carbon-
ate)[67]
O
OO
OH
1
2
3 4
5
Glycerol (31.5 g, 342 mmol), ethylene carbonate (48.1 g, 547 mmol), and acidic aluminum
oxide (15.4 mg) were mixed and heated to 130 ◦C at 55 mbar. Ethylene glycol and an
excess of ethylene carbonate were removed by distillation. The crude product was purified
by means of silica gel chromatography. First, chloroform was used for extraction to remove
unreacted ethylene carbonate, followed by the elution of the product with ethyl acetate.
Yield: 34.1 g (291 mmol; 85%).
1H NMR (DMSO-d6): δ = 3.51 (ddd, 1H, H-4, J = 12.8 Hz, J = 5.7 Hz, J = 3.4 Hz),
3.67 (ddd, 1H, H-4, J = 12.8 Hz, J = 5.7 Hz, J = 2.6 Hz), 4.29 (dd, 1H, H-2, J = 8.3
Hz, J = 5.7 Hz), 4.49 (dd, 1H, H-2, J = 8.3 Hz, J = 8.3 Hz), 4.79 (m, 1H, H-3), 5.27 (t,
1H, H-5, 3J = 5.5 Hz) ppm.
13C NMR (DMSO-d6): δ = 60.56 (C-4), 65.83 (C-2), 77.01 (C-3), 155.18 (C-1) ppm.
5.3.4 (2-Oxo-1,3-dioxolan-4-yl)methyl Phenyl Carbonate
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A solution of phenyl chloroformate (1.99 g, 12.7 mmol) in dichloromethane (5 mL) was
added slowly at 40 ◦C to a solution of glycerol carbonate (1.00 g, 8.47 mmol) and tri-
ethylamine (1.29 g, 12.7 mmol) in dichloromethane (15 mL). Triethylamine hydrochloride
was removed by filtration and the organic phase was washed with a 5 wt.-% aqueous
NaOH and a 5 wt.-% aqueous HCl solution. After drying the organic phase over an-
hydrous magnesium sulfate and after removal of the solvent under vacuum, the crude
product was purified by recrystallization from a toluene solution. Yield: 49%. Alterna-
tively, the product was purified by means of silica gel chromatography (pentane/ethyl
acetate). Yield: 55%. Colorless crystals with a m.p. of 83 ◦C were obtained.
Polyurethanes with Pendant Hydroxy Groups: Synthesis and Characterization 77
1H NMR (DMSO-d6): δ = 4.39 (dd, 1H, H-2, J = 8.7 Hz, J = 6.0 Hz), 4.46 (dd, 1H,
H-4, J = 12.4 Hz, J = 4.9 Hz), 4.53 (dd, 1H, H-4, J = 12.4 Hz, J = 2.6 Hz), 4.62 (dd,
1H, H-2, J = 8.7 Hz, J = 8.7 Hz), 5.14 (m, 1H, H-3), 7.21 (m, 2H, H-7), 7.32 (m, 1H,
H-9), 7.45 (m, 2H, H-8) ppm.
13C NMR (DMSO-d6): δ = 65.73 (C-2), 67.53 (C-4), 73.96 (C-3), 121.13 (C-7), 126.28
(C-9), 129.68 (C-8), 150.62 (C-6), 152.70 (C-5), 154.59 (C-1) ppm.
5.3.5 Polycondensation of (2-Oxo-1,3-dioxolan-4-yl)methyl
Phenyl Carbonate with Diamines
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(2-Oxo-1,3-dioxolan-4-yl)methyl phenyl carbonate (2.72 g, 11.4 mmol) in N,N -dimethyl-
acetamide (5.7 mL) was treated with the respective diamine 22a–e, e.g., 22e (1.33 g,
11.4 mmol), at room temperature. After stirring for 20 h, the solution was precipitated
into diethyl ether (110 mL), and the turbid solution was allowed to stand for 24 h. The
solvent was removed carefully from the sticky product on the ground of the flask with a
pipette. After washing the product twice with diethyl ether (50 mL), it was dried under
vacuum (10−2 mbar) at 50 ◦C.
The NMR data are given in Table 5.1. The molecular weight and molecular weight
distribution of the polyhydroxyurethanes 48a–e are given in Table 5.2.
Table 5.1: NMR data of the polyurethanes 48a–e in DMSO-d6.
1H and 13C NMR data (δ in ppm)
H–2 H–2’ H–3 H–4 H–5 H–6, H–7, H–6’ H–7’ H–8’
C–1 C–1’ C–3 C–4 C–5 C–6 C–7 C–6’ C–7’ C–8’
48a 7.18 7.13 3.03 – – 3.78–4.27 5.00 3.49
156.18 156.04 40.09 – – 65.10 66.87 63.20 72.52 59.37
48b 7.15 7.12 2.97 1.52 – 3.77–4.27 4.99 3.49
156.13 155.99 37.86 29.68 – 65.03 66.94 62.92 72.46 59.86
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Table 5.1: Continued.
H–2 H–2’ H–3 H–4 H–5 H–6, H–7, H–6’ H–7’ H–8’
C–1 C–1’ C–3 C–4 C–5 C–6 C–7 C–6’ C–7’ C–8’
48c 7.16 7.13 2.96 1.37 – 3.76–4.26 4.99 3.48
156.12 155.97 39.93 26.69 – 64.99 66.97 62.90 72.38 59.87
48d 7.15 7.11 2.95 1.38 1.23 3.77–4.27 4.99 3.48
156.10 155.95 40.13 28.99 23.44 64.97 66.99 62.85 72.39 59.89
48e 7.14 7.11 2.95 1.37 1.22 3.76–4.26 5.00 3.46
156.06 155.91 40.10 29.28 25.88 64.94 66.94 62.81 72.35 59.85
5.4 Results and Discussion
Polyurethanes with pendant primary as well as secondary hydroxy groups were prepared
from glycerol, ethylene carbonate, and a homologous series of diamines in three steps
(Scheme 5.1). In the first step, glycerol carbonate 46 was synthesized from glycerol 45
and ethylene carbonate 23, as described in the literature.[67] In the second step, (2-oxo-
1,3-dioxolan-4-yl)methyl phenyl carbonate 47 was synthesized from glycerol carbonate
46 and phenyl chloroformate at 40 ◦C. Finally, the polycondensation of (2-oxo-1,3-di-
oxolan-4-yl)methyl phenyl carbonate 47 with diamines yields the polyhydroxyurethanes
48a–e.
The first step of the monomer synthesis has been further optimized in our group
and can now be performed in quantitative yield from glycerol and dimethyl carbonate
or diethyl carbonate.[68] The monomer is an oil which, on standing, crystallizes to form
colorless crystals. It contains two electrophilic sites, the carbonyl carbon of the O-phenyl
carbonate and the carbonyl carbon of the ethylene carbonate ring. Therefore, it represents
an AA’ monomer.
In order to obtain polyurethanes with pendant hydroxy groups, we have carried out
the polycondensation of (2-oxo-1,3-dioxolan-4-yl)methyl phenyl carbonate 47 (an AA’
monomer) with diamines 22a–e (BB monomers) in N,N -dimethylacetamide at room tem-
perature. For isolation, the crude product was added to a large excess of diethyl ether,
and a turbid solution was obtained, from which a highly viscous oil deposited on stand-
ing. After drying under vacuum (10−2 mbar) at 50 ◦C, amorphous products 48a–d or a
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Scheme 5.1: Synthesis of polyurethanes 48a–e with pendant hydroxy groups; (i) 45/23
= 1/1.6, Al2O3, p = 55 mbar, T = 130
◦C; (ii) 46/phenyl chloroformate = 1/1.5, CH2Cl2,
Et3N, T = 40
◦C; (iii) 47/diamine 22a–e = 1/1, DMAc, rt, t = 20 h.
colorless powder 48e were obtained.
The structure of the polymers was investigated by means of 1H and 13C NMR spec-
troscopy. The 1H NMR spectrum of polyhydroxyurethane 48e in DMSO-d6 (Figure 5.1)
shows the resonance lines of the methylene protons of the diamine moiety at δ = 1.22,
1.37, and 2.95 ppm. The signals of the urethane groups are found at δ = 7.12 ppm.
Usually, the NH proton signal of a urethane group is split into two signals, because of
conformational restrictions around the CO–N bond; a signal at δ = 7.12 ppm attributable
to the E conformer and at somewhat higher field a signal of the Z conformer. However,
the signal at δ = 6.75 ppm (Z conformer) is overlapped by the proton signals of residual
phenol. Furthermore, the polymer contains small amounts of DMAc (δ = 1.96, 2.79,
and 2.94 ppm) which are difficult to remove because of the high concentration of hydroxy
groups in the polyurethane. The methylene protons adjacent to the primary hydroxy
group are found at δ = 3.46 ppm and the methine proton adjacent to the oxygen atom
of the urethane group at 5.00 ppm. The methylene protons adjacent to the oxygen atom
of the urethane groups and the methine proton adjacent to the secondary hydroxy group
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Figure 5.1: 1H NMR spectrum of polyhydroxyurethane 48e in DMSO-d6 (+ = DMAc; D
= DMSO; * = phenol).
are found at δ = 3.76–4.26 ppm.
The ratio of primary to secondary hydroxy groups was calculated from the 1H NMR
spectrum (Figure 5.1). Therefore, the signal intensity of proton H-7’ (I7′ , δ = 5.00 ppm)
was compared with the signal intensity of the NHCH2 protons (I3, δ = 2.95 ppm). The
content of primary hydroxy groups (p-HG) in the polyurethanes 48a–e was calculated
according to the following equation,
% p-HG =
4× I7′
I3
× 100%, (5.1)
and was found to lie between 15 and 22% which corresponds to ratios found in the
literature.[23, 62] Thus, ring opening of (2-oxo-1,3-dioxolan-4-yl)methyl phenyl carbon-
ate with diamines at room temperature in DMAc as the solvent leads with a pronounced
preference to the formation of secondary hydroxy groups.
Figure 5.2 shows the 13C NMR spectrum of polyhydroxyurethane 48e in DMSO-d6.
The methylene carbon atom signals of the diamine moiety are found at δ = 25.88, 29.28,
and 40.10 ppm (underneath the residual DMSO signal). The methylene and methine res-
onance signals of the carbon atoms adjacent to an oxygen atom are found between 59 and
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Figure 5.2: 13C NMR spectrum of polyhydroxyurethane 48e in DMSO-d6 (T = TMS; +
= DMAc; D = DMSO; * = phenol; # = carbonyl signals of oligomers).
73 ppm and from these signals, it becomes evident that there is a pronounced preference
for the formation of secondary hydroxy groups. The methylene and methine carbon atom
signals belonging to the moiety with a secondary hydroxy group are found at δ = 64.94
and 66.94 ppm. The carbon atom signals of the primary hydroxy moiety are found at
δ = 59.85 (methylene carbon adjacent to the primary hydroxy group), 62.81 (methylene
carbon adjacent to the oxygen atom of the urethane group), and 72.35 ppm (methine car-
bon). The carbonyl carbon atoms are found at δ = 155.91 (C-1’) and 156.06 ppm (C-1).
At around δ = 155.62 ppm, two signals of carbonyl carbon atoms are found belonging to,
presumably, the urethane groups of oligomers.
In Figure 5.3, a typical GPC trace with some oligomers at higher elution volume
is shown for polyhydroxyurethane 48e as an example. GPC analysis of the obtained
polyhydroxyurethanes reveals that polymers with moderate molecular weights (e.g., 48e:
M¯n = 8 700; M¯w = 13 700) and relatively narrow molecular weight distributions (e.g.,
48e: M¯w/M¯n = 1.57) were obtained (Table 5.2). The relatively narrow molecular weight
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Figure 5.3: GPC trace of polyhydroxyurethane 48e.
distributions are explained by the fact that low molecular weight material is soluble in
diethyl ether.
It was tried to increase the molecular weight by adding a tin catalyst to the reaction.
Hence, a solution of (2-oxo-1,3-dioxolan-4-yl)methyl phenyl carbonate, 1,6-diaminohex-
ane, and 5 wt.-% of Bu2Sn(OMe)2 in DMAc was stirred overnight at room temperature.
The polymer was isolated by precipitation into diethyl ether. However, the molecular
weight of the purified polyhydroxyurethane 48e (M¯n = 9 800; M¯w = 16 400; M¯w/M¯n =
Table 5.2: Molecular weight, molecular weight distribution, and glass transition temper-
ature of the obtained polyhydroxyurethanes.
M¯n M¯w M¯w/M¯n Tg
a
◦C
48a 6 400 9 300 1.46 52.8
48b 6 900 10 400 1.57 45.0
48c 7 500 11 600 1.55 41.9
48d 7 500 11 700 1.56 37.5
48e 8 700 13 700 1.57 22.6
a 1st Heating: −70 ◦C to 200 ◦C (at 10 K·min−1); cooling: 200 ◦C to −70 ◦C (at 10 K·min−1);
2nd heating: −70 ◦C to 200 ◦C (at 10 K·min−1).
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Figure 5.4: 1H NMR spectrum in DMSO-d6 of polyhydroxyurethane 48e obtained by the
addition of Bu2Sn(OMe)2 as a catalyst (T = TMS; + = DMAc; D = DMSO).
1.67) obtained by the addition of Bu2Sn(OMe)2 as a catalyst is in the same range as
the purified polyhydroxyurethane 48e obtained without the addition of a catalyst (M¯n =
8 700; M¯w = 13 700; M¯w/M¯n = 1.57).
Surprisingly, the 1H NMR spectrum of polyhydroxyurethane 48e obtained by the
addition of Bu2Sn(OMe)2 as a catalyst shows that the ratio of primary to secondary
hydroxy groups is changed (Figure 5.4). The ratio of primary to secondary hydroxy
groups, as calculated from Equation 5.1, is 74:26. Although Bu2Sn(OMe)2 as a catalyst
does not increases the molecular weight of the polyhydroxyurethanes 48a–e, it has a
significant influence on the direction of ring opening of the ethylene carbonate ring.
5.4.1 Thermal Properties
The TGA thermograms of the polyhydroxyurethanes 48a–e show a dependence of degra-
dation temperature on microstructure (Figure 5.5). TGA indicated that all obtained
polyhydroxyurethanes are stable up to 225 ◦C; the thermal stability of the polyhydroxy-
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Figure 5.5: TGA of polyhydroxyurethanes 48a–e; — (48a); −− (48b); · · · (48c); − ·
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Figure 5.6: Glass transition temperature of polyhydroxyurethanes 48a–e (2nd heating:
−70 ◦C to 200 ◦C at 10 K·min−1); — (48a); −− (48b); · · · (48c); − · (48d); − · · (48e).
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urethanes increases with increasing number of methylene groups in the diamine unit. It
should be mentioned that the weight loss at around 150 ◦C is the removal of residual
phenol and DMAc.
DSC indicated that all obtained polyhydroxyurethanes are amorphous. The glass tran-
sition temperature decreases with increasing number of methylene groups in the diamine
(Table 5.2, Figure 5.6), i.e., with increasing flexibility of the chain between the urethane
groups.
5.5 Conclusions
Polyurethanes with pendant hydroxy groups were obtained by the polycondensation of (2-
oxo-1,3-dioxolan-4-yl)methyl phenyl carbonate 47 with diamines in DMAc as the solvent.
The ratio of primary to secondary hydroxy groups was determined from the 1H NMR spec-
tra and was found to be approximately 20:80. However, by the addition of Bu2Sn(OMe)2
as a catalyst, this ratio changes to 74:26. The molecular weight of the polyhydroxyure-
thanes is not influenced by the addition of Bu2Sn(OMe)2 as a catalyst, and moderate
molecular weights (6 400 < M¯n < 8 700; 9 300 < M¯w < 13 700) and relatively narrow
molecular weight distributions (1.46 < M¯w/M¯n < 1.57) were found. In the future, we
will use the polyurethanes with pendant hydroxy groups as starting materials for polymer
analogous and grafting reactions.

Chapter 6
Copolymerization of Ethylene
Carbonate and 1,2-Propylene
Carbonate with Tetramethylene
Urea and Characterization of the
Polyurethanes
6.1 Summary
Tetramethylene urea (TeU, 6) was successfully copolymerized with 1,2-propylene carbon-
ate (PC, 39), leading to a polyurethane (M¯n = 12 200; M¯w = 18 400; M¯w/M¯n = 1.50)
with a Tm of 145.7
◦C and a Tg of 53.7 ◦C. Mechanistic studies with a blocked isocyanate
model compound revealed that at no stage of the reaction is the TeU ring opened to
form an isocyanate. Hence, a well-underlined mechanism for the copolymerization is pro-
posed. Furthermore, TeU is successfully copolymerized with mixtures of PC and ethylene
carbonate (EC, 23). From NMR spectroscopic data of the obtained polyurethanes, it
is concluded that PC is less reactive than EC. However, it is possible to increase the
PC content in poly[(TeU–EC)-stat-(TeU–PC)] by increasing the fraction of PC in the
feed. 13C NMR spectroscopy reveals that a copolymer with randomly distributed TeU–
EC/TeU–PC units is obtained. This conclusion is supported by DSC data which show a
continuous decrease in Tm with increasing PC content.
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6.2 Introduction
Ring-opening polymerization of six-membered cyclic carbonates can be initiated with
nucleophiles leading to polycarbonates with molecular weights depending on the
monomer/initiator ratio, the conversion of the monomer, and the ring-chain equilibrium.
Copolymers of 2,2-dimethyltrimethylene carbonate with a variety of comonomers were
prepared leading to block copolymers, random copolymers, and alternating copolymers.[69]
The use of ethylene carbonate (EC, 23) or 1,2-propylene carbonate (PC, 39), both
five-membered ring carbonates, as building blocks in polymer syntheses is desirable for
ecological and economical reasons. EC and PC are easily available from ethylene oxide or
propylene oxide and carbon dioxide. Therefore, EC and PC are environmentally friendly
carbonic acid derivatives. They are not prepared from phosgene as are most carbonic acid
derivatives.[49]
The homopolymerization of the five-membered cyclic carbonates to result in polycar-
bonates is thermodynamically unfavorable. The large positive enthalpy of polymerization
(∆H ◦pol = 125.6 kJ·mol−1 for EC) is the reason for a positive standard free energy change
in the polymerization reaction (∆G ◦pol > 0). As a consequence, random poly(ether car-
bonate)s of low molecular weights are formed instead.[70–73]
In the past, our group reported on the preparation of high molecular weight polyure-
thanes by the copolymerization of tetramethylene urea (TeU, 6) with EC 23.[74] This
principle should also be applicable for PC 39.
This chapter describes a new route to TeU, the copolymerization of TeU with PC,
the copolymerization of TeU with mixtures of PC and EC, and studies on the reaction
mechanism. The result of all copolymerization reactions are alternating copolymers with
the microstructure of a polyurethane as determined by means of NMR spectroscopy.
The molecular weight and molecular weight distribution are determined by means of gel
permeation chromatography (GPC), and the thermal properties by means of differential
scanning calorimetry (DSC) and thermogravimetric analysis (TGA).
HN NH
O
O O
O
O O
O
6 23 39
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6.3 Experimental Part
6.3.1 Materials
Starting materials and reagents used for the monomer synthesis and polymerization re-
actions were of high purity. 1,4-Diaminobutane (67.4 wt.-% in water, DSM), diphenyl
carbonate (Merck), N,N -dimethylacetamide (DMAc, Acros Organics), phenyl chlorofor-
mate (Merck), triethylamine (Riedel de Haen), and dibutylmagnesium (Bu2Mg, Aldrich),
1.0 m solution in heptane, were used as received. Ethylene carbonate (Acros Organics)
and 1,2-propylene carbonate (Aldrich) were dried over calcium hydride and distilled un-
der vacuum before use. Dichloromethane was distilled from phosphorus pentoxide before
use. Where necessary, the reactions were conducted in a nitrogen atmosphere. Nitro-
gen (Linde) was passed over molecular sieves (4 A˚) and finely distributed potassium on
aluminum oxide for purification.
6.3.2 Measurements
1H and 13C NMR spectra were recorded on a Bruker DPX-300 FT-NMR spectrometer at
300 and 75 MHz, respectively. Either deuterated dimethyl sulfoxide (DMSO-d6), chloro-
form (CDCl3), or trifluoroacetic acid (TFA-d) was used as a solvent, and tetramethylsilane
(TMS) served as an internal standard.
Gel permeation chromatography (GPC) analyses were carried out on a high-
temperature GPC at 80 ◦C (Polymer Laboratories PL-GPC210 with a Bischoff HPLC
compact pump) using a refractive index detector (Polymer Laboratories). The eluting
solvent was N,N -dimethylacetamide (DMAc) with 2.44 g·L−1 LiCl and a flow rate of
0.8 mL·min−1. Four columns with MZ-DVB gel were applied: length of each column,
300 mm; diameter, 8 mm; diameter of gel particles, 5 µm; nominal pore widths, 100, 100,
103, 104 A˚. Calibration was achieved using polystyrene standard samples with a narrow
molecular weight distribution.
Differential scanning calorimetric (DSC) analyses were performed on a Netzsch DSC
204 in a nitrogen atmosphere with heating and cooling rates of 10 K·min−1. Calibration
was achieved using indium standard samples.
Thermogravimetric analyses (TGA) were performed on a TG 209 C with a TA-System-
Controller TASC 414/4 from Netzsch. The measurements were performed in a nitrogen
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atmosphere with a heating rate of 10 K·min−1.
C, H, and N elemental analysis was performed on a Heraeus CHN-O-Rapid Elementar
Vario EL instrument.
Melting points were determined on a Bu¨chi SMP 20.
6.3.3 Tetramethylene Urea
HN NH
O
1
2
3
4
3
4
2
Procedure A: Diphenyl carbonate (23.81 g, 111 mmol) in acetone (100 mL) was added
slowly under reflux to a solution of 1,4-diaminobutane (67.4 wt.-% in water) (9.80 g,
111 mmol) in acetone (300 mL) and water (300 mL), and reacted for 2 h. The solvents
were removed under vacuum and the residue was macerated with diethyl ether (700 mL)
to remove phenol. The residue was filtered off, washed with diethyl ether, and dried under
vacuum. Finally, the residue was sublimed at 120 ◦C under vacuum (10−2 mbar) to give
TeU as colorless crystals. The by-product, [5]-polyurea, remains as a residue. Yield: 40%.
Procedure B: Diphenyl carbonate in acetone and 1,4-diaminobutane in water were
added slowly under reflux to a solution of acetone/water using two separate syringes
and by means of a syringe pump. This procedure slightly reduces the formation of [5]-
polyurea and increases the yield of TeU to 45%. Colorless crystals with a m.p. of 171 ◦C
were obtained (Lit. 172–173 ◦C[75]).
1H NMR (DMSO-d6): δ = 1.53 (m, 4H, H-4), 2.90 (m, 4H, H-3), 6.11 (m, 2H, H-2)
ppm.
13C NMR (DMSO-d6): δ = 29.22 (C-4), 42.50 (C-3), 166.37 (C-1) ppm.
1H NMR (TFA-d): δ = 1.99 (m, 4H, H-4), 3.52 (m, 4H, H-3) ppm.
13C NMR (TFA-d): δ = 27.53 (C-4), 45.05 (C-3), 165.72 (C-1) ppm.
6.3.4 Copolymerization of TeU with EC
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TeU (320 mg, 2.80 mmol) and EC (740 mg, 8.41 mmol) were heated to 100 ◦C; Bu2Mg
(25 µL) was then added, and the polymerization occurred within 24 h in a nitrogen at-
mosphere. The product was dissolved in DMAc (6 mL) and precipitated into water. The
product was dried under vacuum (10−2 mbar) at 50 ◦C. Yield: 450 mg (2.23 mmol; 79%).
1H NMR (DMSO-d6): δ = 1.36 (m, 4H, H-4), 2.95 (m, 4H, H-3), 4.09 (s, 4H, H-5),
6.82 (m, 0.2H, H-2(Z)), 7.19 (t, 1.8H, H-2(E)) ppm.
13C NMR (DMSO-d6): δ = 26.82 (C-4), 40 (C-3; underneath the residual DMSO
signal), 62.46 (C-5), 156.07 (C-1) ppm.
GPC (DMAc/LiCl): M¯n = 8 600; M¯w = 12 500; M¯w/M¯n = 1.46.
6.3.5 Copolymerization of TeU with PC
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TeU (262 mg, 2.30 mmol) and PC (703 mg, 6.89 mmol) were heated to 100 ◦C; Bu2Mg
(50 µL) was then added, and the polymerization occurred within 24 h in a nitrogen at-
mosphere. The product was dissolved in DMAc (6 mL) and precipitated into water. The
product was dried under vacuum (10−2 mbar) at 50 ◦C. Yield: 243 mg (1.12 mmol; 49%).
1H NMR (DMSO-d6): δ = 1.13 (d, 6H, H-7,
3J = 6.4 Hz), 1.36 (m, 8H, H-4), 2.94 (m,
8H, H-3), 3.96 (m, 4H, H-6, H-6’), 4.80 (m, 2H, H-5, H-5’), 6.75 (m, 0.2H, H-2’(Z)), 6.82
(m, 0.2H, H-2(Z)), 7.10 (t, 1.8H, H-2’(E)), 7.18 (t, 1.8H, H-2(E)) ppm.
13C NMR (DMSO-d6): δ = 16.73 (C-7), 26.76 (C-4), 39.99 (C-3), 65.87 (C-6, C-6’),
68.13 (C-5, C-5’), 155.67 (C-1’), 155.99 (C-1) ppm.
GPC (DMAc/LiCl): M¯n = 12 200; M¯w = 18 400; M¯w/M¯n = 1.50.
6.3.6 Copolymerization of TeU with Mixtures of EC and PC
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General procedure for the copolymerization of 1 equiv. of TeU with 1 equiv. of EC and
X equiv. of PC, e.g., 5 equiv. of PC.
92 Chapter 6
TeU (473 mg, 4.14 mmol), EC (365 mg, 4.14 mmol), and PC (2.12 g, 20.7 mmol) were
heated to 100 ◦C; Bu2Mg (50 µL) was then added, and the polymerization occurred within
24 h in a nitrogen atmosphere. The product was dissolved in DMAc (6 mL) and precip-
itated into water. The product was dried under vacuum (10−2 mbar) at 50 ◦C. Yield:
536 mg (2.58 mmol; 62%).
1H NMR (DMSO-d6): δ = 1.13 (d, H-8,
3J = 5.3 Hz), 1.36 (m, H-4), 2.95 (m, H-3),
3.96 (m, H-7), 4.08 (s, H-5), 4.80 (m, H-6), 6.77 (m, H-2’(Z)), 6.82 (m, H-2(Z)), 7.10 (m,
H-2’(E)), 7.19 (m, H-2(E)) ppm.
13C NMR (DMSO-d6): δ = 16.79 (C-8), 26.83 (C-4), 40 (C-3; underneath the residual
DMSO signal), 62.48 (C-5), 65.96 (C-7), 68.24 (C-6), 155.78 (C-1’), 156.10 (C-1) ppm.
GPC (DMAc/LiCl): M¯n = 16 900; M¯w = 43 600; M¯w/M¯n = 2.57.
General procedure for the copolymerization of 1 equiv. of TeU with X equiv. of EC
and Y equiv. of PC, e.g., 2 equiv. of EC and 4 equiv. of PC.
TeU (463 mg, 4.06 mmol), EC (714 mg, 8.11 mmol), and PC (1.66 g, 16.3 mmol) were
heated to 100 ◦C; Bu2Mg (50 µL) was then added, and the polymerization occurred within
24 h in a nitrogen atmosphere. The product was dissolved in DMAc (6 mL) and precip-
itated into water. The product was dried under vacuum (10−2 mbar) at 50 ◦C. Yield:
612 mg (2.98 mmol; 74%).
GPC (DMAc/LiCl): M¯n = 15 500; M¯w = 37 300; M¯w/M¯n = 2.41.
6.3.7 Phenyl 2-Oxo-1,3-diazepane-1-carboxylate
HN N
O O
O1
2
3
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6
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To a solution of tetramethylene urea 6 (1.85 g, 16.2 mmol) and triethylamine (2.46 g,
24.3 mmol) in dichloromethane (19 mL), phenyl chloroformate (3.80 g, 24.3 mmol) was
added dropwise over a period of 15 min at 50 ◦C with stirring. The reaction mixture was
refluxed for 1 h. Cooling to room temperature and evaporation of the solvent yielded
a mixture of amine hydrochloride and phenyl 2-oxo-1,3-diazepane-1-carboxylate. The
mixture was treated with water (25 mL), filtered, and dried. The product was purified by
means of silica gel chromatography (diethyl ether/ethyl acetate = 1:1) and dried under
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vacuum (10−2 mbar) at 50 ◦C. Yield: 3.42 g (14.6 mmol; 90%). Colorless crystals with a
m.p. of 141 ◦C were obtained.
1H NMR (CDCl3): δ = 1.70 (m, 2H, H-4), 1.82 (m, 2H, H-5), 3.28 (dt, 2H, H-3,
3J =
5.3 Hz), 3.72 (m, 2H, H-6), 6.46 (br t, 1H, H-2), 7.19 (m, 2H, H-9), 7.24 (m, 1H, H-11),
7.36 (m, 2H, H-10) ppm.
13C NMR (CDCl3): δ = 27.45 (C-4), 27.71 (C-5), 42.97 (C-3), 45.82 (C-6), 121.95
(C-9), 125.71 (C-11), 129.30 (C-10), 150.91 (C-8), 152.50 (C-7), 159.22 (C-1) ppm.
1H NMR (DMSO-d6): δ = 1.57 (m, 2H, H-4), 1.69 (m, 2H, H-5), 3.12 (dt, 2H, H-3,
3J = 4.7 Hz), 3.53 (m, 2H, H-6), 7.14 (m, 2H, H-9), 7.25 (m, 1H, H-11), 7.41 (m, 2H,
H-10), 7.96 (t, 1H, H-2, 3J = 4.9 Hz) ppm.
13C NMR (DMSO-d6): δ = 27.16 (C-4), 27.23 (C-5), 41.57 (C-3), 44.83 (C-6), 121.56
(C-9), 125.50 (C-11), 129.33 (C-10), 150.66 (C-8), 151.76 (C-7), 157.05 (C-1) ppm.
Elemental analysis: C12H14N2O3 (234.3): Calcd. C 61.53 H 6.02 N 11.96; Found C
61.89 H 6.09 N 11.93.
6.4 Results and Discussion
[m,n]-Polyurethanes are commercially obtained by the reaction of diisocyanates and di-
ols. The copolymerization of a cyclic urea (TeU) with a cyclic carbonate (EC or 2,2-
dimethyltrimethylene carbonate) represents an alternative route to this type of polyure-
thane.[12, 74] Furthermore, [m,n]-polyurethanes can be obtained by the reaction of bis-
chloroformates with diamines; however, cyclic oligomers are formed as side products.[15]
TeU was chosen as an appropriate starting material for the copolymerization with EC
and PC, because the seven-membered cyclic urea easily dissociates on thermal treatment
as shown by Ozaki et al. to yield α-aminoalkyl-ω-isocyanate.[75] The rate of dissociation
increases in the following order: 5-, 6- < 15- < 17- < 13- < 11- < 7- < 8-membered cyclic
ureas.
The synthesis of TeU, as described in the literature, is achieved via two different
routes.[75–77] In the first route, 1,4-diaminobutane in a vigorous reaction with carbon
disulfide and concentrated hydrochloric acid yields the corresponding cyclic thiourea. Fi-
nally, oxidation of the cyclic thiourea with hydrogen peroxide in NaOH leads to TeU.
The high toxicity of carbon disulfide and the fact that it is a two-step synthesis are the
main disadvantages of this route.[76, 77] The second possibility is the cyclization and de-
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Scheme 6.1: Previously proposed mechanism of TeU/EC copolymerization.[74]
carboxylation of 1,4-diisocyanatobutane in a very dilute solution of acetone and water.
The toxicity and the high price of 1,4-diisocyanatobutane are the main disadvantages of
this route.[75]
Ideally, TeU is synthesized in a one-step reaction from 1,4-diaminobutane and a car-
bonic acid derivative, e.g., diethyl carbonate, dimethyl carbonate, ethylene carbonate, or
diphenyl carbonate. The easy accessibility of the reactants and, therefore, their low prices
are the main advantages of such a route.
However, we were only able to synthesize TeU from 1,4-diaminobutane and diphenyl
carbonate, and not from the other aforementioned carbonic acid derivatives; they led
to unidentified product mixtures. Therefore, TeU was synthesized by adding diphenyl
carbonate in acetone to a very dilute solution of 1,4-diaminobutane in acetone/water to
keep the formation of the [5]-polyurea to a minimum.
In a previous paper,[74] we proposed a mechanism for the copolymerization of TeU
with EC, stating in summary, that TeU 6 reacts initially with Bu2Mg to yield a salt 49
(Scheme 6.1). Ring-opening of EC leads, under regeneration of 49, to the intermediate
product 50 in equilibrium with the α-hydroxy-ω-isocyanato compound 51. This reacts
as an AB monomer to form the polyurethane 52. In the same paper we stressed that the
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Figure 6.1: 1H NMR spectrum of phenyl 2-oxo-1,3-diazepane-1-carboxylate 53 in
DMSO-d6 (T = TMS; D = DMSO; H = water).
aforementioned mechanistic proposal needs further support, in particular with respect to
the equilibrium between the intermediate 50 and the isocyanato compound 51.
Therefore, we synthesized the model compound phenyl 2-oxo-1,3-diazepane-1-carbox-
ylate 53 from TeU and phenyl chloroformate. The formation of 53 was confirmed by ele-
mental analysis and 1H and 13C NMR spectroscopy. The 1H NMR spectrum (Figure 6.1)
clearly shows every methylene proton signal of the urea ring at high field (δ = 1.57, 1.69,
3.12, and 3.53 ppm) and phenyl and NH proton signals at low field (δ = 7.13–7.44 and
7.96 ppm, respectively). The 13C NMR spectrum (Figure 6.2) shows single resonance
lines for all carbon atoms, and especially different resonance lines for every methylene
group of the urea ring (δ = 27.16, 27.23, 41.57, and 44.83 ppm). This indicates, together
with the NH proton signal in the 1H NMR spectrum, that despite an excess of phenyl
chloroformate, no bisurea derivatives are formed.
The equilibrium between phenyl 2-oxo-1,3-diazepane-1-carboxylate 53 and (4-
isocyanato-butyl)carbamic acid phenyl ester 54, or 1,4-diisocyanatobutane 55 was inves-
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Figure 6.2: 13C NMR spectrum of phenyl 2-oxo-1,3-diazepane-1-carboxylate 53 in
DMSO-d6 (T = TMS; D = DMSO).
tigated by means of 1H NMR spectroscopy (Scheme 6.2). Therefore, phenyl 2-oxo-1,3-di-
azepane-1-carboxylate 53 was dissolved in 1,1,2,2-tetrachloroethane-d2 and the
1H NMR
spectrum was taken at 100 ◦C at intervals of 5 min for 1 h. However, no change in the
1H NMR spectrum, in particular in the shifts of the NH proton and CH2 proton adjacent
to NH, was observed, indicating that the aforementioned equilibrium is completely shifted
to the left side at 100 ◦C.
Scheme 6.3 shows our revised mechanistic proposal for the copolymerization of TeU
with PC (the same proposal is applicable for the copolymerization of TeU with EC).
NHN
O
O
O
OCN
H
N OPh
O
OCN NCO
+ PhOH
53 54 55
Scheme 6.2: Equilibrium between protected and unprotected isocyanates.
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Scheme 6.3: Revised mechanistic proposal for the copolymerization of TeU with PC:
formation of a polyurethane.
Bu2Mg does not initiate the homopolymerization of TeU nor of PC under the reaction
conditions applied. However, Bu2Mg converts a mixture of TeU and PC into an alter-
nating copolymer (M¯n = 12 200; M¯w = 18 400; M¯w/M¯n = 1.50) with the microstructure
of polyurethane 58, as will be shown later. TeU reacts initially with Bu2Mg to form a
salt 49 in which the nucleophilicity of the nitrogen is enhanced. Now, a reaction between
activated TeU and PC is made possible. Because PC is an unsymmetrically substituted
cycle, ring opening leads to two structurally isomeric products 56 and 57. These react as
AB monomers in which the alcoholate oxygen adds nucleophilically to the endocyclic car-
bonyl carbon of 56 or 57. The TeU ring is opened and, by a polycondensation reaction,
polymer 58 is formed in which the methyl group of the PC repeating unit is distributed
randomly.
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Figure 6.3: 1H NMR spectrum of polyurethane poly(TeU–PC) in DMSO-d6 (T = TMS;
E = end group; D = DMSO; H = water; # = TeU–TeU diad).
The 1H NMR spectrum of purified polymer 58 in DMSO-d6 (Figure 6.3) shows the
resonance lines of the CH2 protons of the TeU repeating units at δ = 2.94 and δ =
1.36 ppm, and the characteristic shifts of the NH protons of the urethane groups at
δ = 7.10 and δ = 7.18 ppm. This assignment was made by comparing the NH proton shift
of poly(TeU–PC) with that of poly(TeU–EC). Each NH resonance signal of the urethane
groups is split into two signals because of conformational restrictions around the CO–N
bond; the E conformers show signals at δ = 7.10 and 7.18 ppm, and the Z conformers at
δ = 6.82 and 6.75 ppm. This observation was also made for other polyurethanes.[33, 37, 48]
Furthermore, the spectrum reveals an almost 1:1 ratio of TeU and PC repeating units,
although an initial three-fold excess of PC was used. The small difference in the 1:1 ratio
of TeU and PC repeating units is caused by the unavoidable formation of TeU–TeU diads
(δ = 5.75 ppm). The resonance lines of the protons of the PC repeating units are found
at δ = 1.13 (CH3), 3.96 (CH2), and 4.80 ppm (CH). No signals are detected at δ = 4.27
and 3.63 ppm, which would be expected for the protons of carbonate (–CH2OCOOCH2–)
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Figure 6.4: 13C NMR spectrum of polyurethane poly(TeU–PC) in DMSO-d6 (T = TMS;
D = DMSO).
and ether (–CH2OCH2–) repeating units.
The 13C NMR spectrum, which usually gives more insight into the microstructure of
copolymers and, in particular, the signals of the carbonyl carbons which are sensitive to
sequence effects for the present copolymer, shows only single resonance lines for polymer
58 (Figure 6.4) confirming the uniform microstructure. The resonance lines of the car-
bonyl carbons are found at δ = 155.67 and 155.99 ppm confirming that the ring opening of
PC occurs in two different ways leading to two isomeric repeating units. In addition, sin-
gle resonance lines are found for the CH2 carbons of the TeU repeating units at δ = 26.76
and 39.99 ppm, and for the carbons of the PC repeating units at δ = 16.73 (CH3), 65.87
(CH2), and 68.13 ppm (CH).
The copolymerization of 1 equiv. of TeU with a mixture of 1 equiv. of EC and 1 equiv.
of PC in the presence of Bu2Mg as a catalyst in the melt at 100
◦C results in a copolymer
(M¯n = 10 500; M¯w = 16 000; M¯w/M¯n = 1.52) with the microstructure of a polyurethane.
The PC content in the polyurethane was calculated from the 1H NMR spectrum (Fig-
100 Chapter 6
(ppm)
1.0 01.52.02.53.03.54.04.55.05.56.06.57.07.5
# 6
5,7
3
D
4
8
2(E)
2(Z)
2'(E)
2'(Z)
H
N
H
H
N O
O
stat
O
O
H
N
O
N
H
O
O
O
1
2 3
4 5
5
6
7
8
4
1
23
1
2
2'
1'
3
34
4
m n
Figure 6.5: 1H NMR spectrum of polyurethane 59a from TeU (1 equiv.), EC (1 equiv.),
and PC (1 equiv.) in DMSO-d6 (D = DMSO; H = water; # = TeU–TeU diad).
ure 6.5). Therefore, the signal intensity of the CH proton of PC (I(6), δ = 4.68–4.90 ppm)
was compared with the signal intensity of the CH2 proton of PC and EC (I(5,7), δ = 3.85–
4.40 ppm). The PC content in the polyurethane was calculated according to the following
equation:
mol-% PC =
I(6)
I(6) +
I(5,7)−2×I(6)
4
× 100% (6.1)
Although an initial 1:1 ratio of EC and PC was used in the feed, remarkably only
19.6 mol-% of PC were incorporated into the polymer, showing that the reactivity of EC
is much higher than that of PC.
To increase the concentration of PC in the polymer, the amount of PC in the feed was
constantly increased from 1 to 10 equiv. and the amount of EC (1 equiv.) was kept con-
stant (Table 6.1). The PC content in the polyurethanes, as calculated from the 1H NMR
spectra according to Equation 6.1, increases with an increased portion of PC in the feed
up to a maximum of 54.2 mol-%. The formation of large sequences of TeU–EC is excluded
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Table 6.1: PC content, yield, molecular weight, and molecular weight distribution of the
obtained polyurethanes.
Equivalents PC contenta Yield M¯n M¯w M¯w/M¯n
TeU EC PC mol-% %
52 1 3 – 0 79 8 600 12 500 1.46
58 1 – 3 100 49 12 200 18 400 1.50
59a 1 1 1 19.6 86 10 500 16 000 1.52
59b 1 1 2 28.3 80 14 900 26 600 1.78
59c 1 1 3 29.2 58 17 600 38 700 2.20
59d 1 1 4 34.2 86 18 200 46 100 2.53
59e 1 1 5 39.8 62 16 900 43 600 2.57
59f 1 1 10 54.2 35 9 800 17 600 1.79
59g 1 3 3 13.3 79 14 400 35 000 2.43
59h 1 2 4 21.5 74 15 500 37 300 2.41
a PC content = r.u.(PC)/[r.u.(PC) + r.u.(EC)]× 100%; r.u. = repeating unit.
as will be shown later (section Thermal Properties).
Furthermore, two copolymerization reactions were carried out in which the amount
of EC as well as that of PC in the feed was varied (Table 6.1). Comparison between
polyurethane 59a and 59g, or 59b and 59h shows that by keeping the ratio of EC to
PC constant, but increasing the amount of EC relatively to TeU, a lower amount of PC is
incorporated into the polyurethane (19.6:13.3 mol-%, and 28.3:21.5 mol-%, respectively).
Hence, by varying the ratio between EC and PC, and EC relatively to TeU, it is possible
to control the PC content in the polyurethanes 59a–h.
The carbon signals of the 13C NMR spectra of the polyurethanes 59a–h, e.g., 59f
(Figure 6.6) containing 54.2 mol-% of PC as analyzed by 1H NMR spectroscopy, were
assigned in the following way: only single resonance lines are found for the carbon atoms
of the methyl, methylene, and methine groups of EC and PC repeating units at δ = 16.79
(CH3; PC), 62.48 (CH2; EC), 65.96 (CH2; PC), and 68.24 ppm (CH; PC); single resonance
lines are found for the carbon atoms of the methylene groups of the TeU repeating units
at δ = 26.83 and 40 ppm (underneath the residual DMSO signal); two resonance lines are
found for the carbonyl carbons at δ = 155.78 (PC) and 156.10 ppm (EC and PC) with
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Figure 6.6: 13C NMR spectrum of polyurethane 59f from TeU (1 equiv.), EC (1 equiv.),
and PC (10 equiv.) in DMSO-d6 (D = DMSO).
an approximate intensity ratio of 0.4:1.
According to GPC analysis, polyurethanes with moderate molecular weights (8 600 <
M¯n < 18 200; 12 500 < M¯w < 46 100) were obtained. Some of the polyurethanes show
bimodal elution curves (1.46 < M¯w/M¯n < 2.57). This is because the polymer precipitates
at a certain molecular weight—after a certain monomer conversion has been reached—
leading to a heterogenous system (Table 6.1). Here it should be mentioned that with
increasing concentration of PC in the feed a tendency toward decreasing yield is observed.
6.4.1 Thermal Properties
The thermogravimetric analyses of the polyurethanes 52 and 58 show that they de-
compose in two steps to form volatile products. The first maximum is assigned to the
elimination of ethylene carbonate (265.9 ◦C) or 1,2-propylene carbonate (266.3 ◦C) and
the formation of a polyurea. The second maximum is assigned to the fragmentation of
the newly formed polyurea. The intramolecular elimination of EC is known from the
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Figure 6.7: TGA of polyurethane 59e; (· · ·) differential curve.
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Figure 6.8: DSC of polyurethane 59e; (a) first heating; (b) cooling; (c) second heating.
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literature where a bisphenol A-polycarbonate is obtained after elimination of EC from an
alternating EC/bisphenol A-polycarbonate copolymer.[78]
The thermogravimetric analyses of the polyurethanes 59a–h show that they decom-
pose in three steps at approximately 258, 264, and 301 ◦C to form volatile products. Here,
it should be mentioned that the first and second maximum often appear as one maximum
with a shoulder (Figure 6.7).
In Figure 6.8, typical DSC curves are shown for polyurethane 59e as an example. The
first heating run shows a melting transition, and upon cooling the melt an exothermic
peak is observed, indicating crystallization. Upon the second heating run, two melting
transitions (a major at nearly the same transition temperature and a minor at lower
transition temperature) are observed which is characteristic of two crystallite sizes.
Table 6.2: DSC results of the polyurethanes 52, 58, and 59a–h.
PC contenta Heating/ Tg Tcr ∆Hcr Tm ∆Hm
mol-% cooling ◦C ◦C J·g−1 ◦C J·g−1
52 0 1st heating 42.5 – – 203.3 60.4
cooling – 120.6 −33.4 – –
2nd heating 23.8 – – 172.6b 36.6
58 100 1st heating 41.2 – – 145.7 24.1
2nd heating 53.7 – – 141.9 4.3
59a 19.6 1st heating 41.4 – – 196.1 55.5
cooling – 129.3 −37.8 – –
2nd heating 38.3 – – 177.2c 38.5
59b 28.3 1st heating 40.7 – – 191.0 52.2
cooling – 121.1 −35.8 – –
2nd heating 40.5 – – 189.2d 38.5
59c 29.2 1st heating 35.2 – – 185.3 46.7
cooling – 134.1 −36.7 – –
2nd heating 47.5 – – 175.8e 39.4
59d 34.2 1st heating 40.2 – – 182.0 46.6
cooling – 126.9 −37.7 – –
2nd heating 49.6 – – 173.4f 40.4
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Table 6.2: Continued.
PC content Heating/ Tg Tcr ∆Hcr Tm ∆Hm
mol-% cooling ◦C ◦C J·g−1 ◦C J·g−1
59e 39.8 1st heating 41.5 – – 179.7 44.7
cooling – 126.2 −38.6 – –
2nd heating 49.7 – – 177.3g 36.2
59f 54.2 1st heating 33.1 – – 167.5 43.6
cooling – 106.9 −35.1 – –
2nd heating 46.3 – – 164.3h 39.6
59g 13.3 1st heating 31.5 – – 196.9 56.9
cooling – 135.2 −39.9 – –
2nd heating 35.4 – – 186.5i 39.0
59h 21.5 1st heating 35.4 – – 192.3 49.7
cooling – 128.7 −37.0 – –
2nd heating 38.1 – – 177.6j 39.8
a PC content = r.u.(PC)/[r.u.(PC) + r.u.(EC)]× 100%; r.u. = repeating unit. bMinor melting tran-
sition at Tm = 150.4 ◦C. cMinor melting transition at Tm = 158.1 ◦C. dMinor melting transition at
Tm = 153.0 ◦C. eMinor melting transition at Tm = 159.8 ◦C. f Minor melting transition at Tm =
155.3 ◦C. g Minor melting transition at Tm = 159.1 ◦C. hMinor melting transition at Tm = 140.8 ◦C.
iMinor melting transition at Tm = 164.6 ◦C. j Minor melting transition at Tm = 156.8 ◦C.
Table 6.2 shows DSC results of the polyurethanes 52, 58, and 59a–h. Upon first
heating, polyurethane 52 (100 mol-% EC) exerts a Tm of 203.3
◦C. Upon a second heating,
the melting enthalpy is lower, indicating that a lower degree of crystallinity is obtained
from the melt. Upon first heating, polyurethane 58 (100 mol-% PC) exerts a Tm of
145.7 ◦C. Its degree of crystallinity is lower than that of polyurethane 52 because of
the atacticity of the polymer. This observation is even clearer upon a second heating.
Furthermore, Table 6.2 shows that the degree of crystallinity (first heating) decreases
continuously for polyurethanes 59a–f in which the PC content increases from 19.6 to
54.2 mol-%. This is because of the increasing content of atactic repeating units in the
polyurethane. Upon a second heating, the polyurethanes show a melting transition at
lower temperature and with lower melting enthalpy than upon first heating, indicating
that smaller crystals and a lower degree of crystallinity is obtained from the melt.
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Figure 6.10: Increase of Tg with increasing PC content.
Figure 6.9 shows that there is a continuous decrease of Tm from 196.1 to 167.5
◦C
(first heating) for polyurethanes 59a–f in which the PC content increases from 19.6 to
54.2 mol-%, indicating a copolymer structure with rather randomly distributed TeU–
EC/TeU–PC units. Furthermore, DSC data support the results of the calculation of the
PC content in polyurethanes 59a and 59b compared with 59g and 59h. The Tm of
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polyurethane 59a and 59b is lower than that of polymer 59g and 59h.
The glass transition temperature of polyurethane 58 (53.7 ◦C; second heating) is higher
than that of polyurethane 7 (23.8 ◦C; second heating) attributable to the methyl side
group in the repeating unit which decreases the mobility of the polymer chain (Table 6.2).
Between these two limiting values, Tg of the polyurethanes increases with increasing PC
content (Figure 6.10). The variation of the glass transition temperature is explained by
the fact that polyurethanes with different copolymer microstructures were obtained, i.e.,
because of the different reactivity of EC and PC, the ratio of EC/PC in the feed will
influence the statistics of the distribution of repeating units. This could be the origin of
the scatter of the Tg values observed in Figure 6.10. So, error bars of 5% were added.
6.5 Conclusions
The synthesis of polyurethanes from tetramethylene urea, 1,2-propylene carbonate, and
ethylene carbonate is an interesting alternative route to polyurethanes. The PC con-
tent can be varied by changing the ratio of PC to EC in the feed. Furthermore, we
proposed a new reaction mechanism for the copolymerization. This proposal is based
on 1H NMR spectroscopic investigations of a blocked isocyanate model compound, i.e.,
phenyl 2-oxo-1,3-diazepane-1-carboxylate, indicating that the TeU ring is not opened to
form an isocyanate under the reaction conditions applied.

Chapter 7
Copolymers and Terpolymers of
Tetramethylene Urea,
γ-Butyrolactone, and Ethylene
Carbonate or 1,2-Propylene
Carbonate
7.1 Summary
Tetramethylene urea (TeU, 6) is successfully copolymerized with γ-butyrolactone (γBL,
60), leading to an alternating poly(amide urethane) with alternating carbonyl-amino-
tetramethylene-amino and carbonyl-trimethylene-oxy repeating units (M¯n = 12 600;
M¯w = 21 100; M¯w/M¯n = 1.67), and with a Tm of 196.5
◦C and a Tg of 36.4 ◦C. Defects
in the microstructure of the alternating poly(amide urethane) arise from the formation
of TeU–TeU diads. Furthermore, TeU is successfully copolymerized with mixtures of
γBL and ethylene carbonate (EC) or 1,2-propylene carbonate (PC). From NMR spectro-
scopic data of the obtained terpolymers, it is concluded that the reactivity of the five-
membered cycles used increases in the following order: EC >> PC ≈ γBL. It is possible
to increase the content of γBL repeating units in the poly[(TeU–γBL)-stat-(TeU–EC)] or
poly[(TeU–γBL)-stat-(TeU–PC)] by increasing the fraction of γBL in the feed. 13C NMR
spectroscopy reveals that TeU–EC or TeU–PC and TeU–γBL units are randomly dis-
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tributed in the polymer chain. This conclusion is supported by the thermal properties of
the polymers.
7.2 Introduction
In the previous chapter, we described the synthesis of a polyurethane by the copoly-
merization of tetramethylene urea (TeU, 6) with 1,2-propylene carbonate (PC, 39) and
proposed a reaction mechanism based on 1H NMR spectroscopic studies on the model
compound phenyl 2-oxo-1,3-diazepane-1-carboxylate. Furthermore, polyurethanes with
randomly distributed TeU–EC and TeU–PC units and containing up to 54.2 mol-% PC
repeating units were prepared by the copolymerization of TeU with PC and ethylene
carbonate (EC, 23). Studies on the copolymerization of TeU with mixtures of EC and
PC showed that the reactivity of EC is approximately 5 times higher than that of PC
(Chapter 6).
Besides EC and PC, γ-butyrolactone (γBL, 60) is a five-membered cyclic monomer
which does not homopolymerize because of the positive standard free energy change in
the monomer–polymer equilibrium (∆G ◦pol > 0). A drastic change in the polymerization
conditions, e.g., high-pressure, shifts the equilibrium to the side of polymer as shown by
Zhulin et al.[79] and Korte et al.[80] (at pressure of 20 000 atm at 160 ◦C, PBL with M¯n
up to 3 350 was obtained). Duda et al. showed that it is possible to oligomerize γBL
with aluminum isopropoxide trimer [Al(OiPr)3]3 to a mixture of linear oligomers up to
the decamer.[81] A review on the polymerization of γBL was recently published by Zhao
et al.[82]
HN NH
O
O O
O
O O
O
6 3923
O
O
60
Furthermore, reports on the copolymerization of γBL are found in the literature.[83–96]
Duda et al. reported on the preparation of copolymers with ε-caprolactone with ran-
dom structure and M¯n up to 3× 104, containing up to 43 mol-% repeating units derived
from γBL.[83] Tada et al. copolymerized γBL and β-propiolactone with AlEt3/H2O as
the initiator and obtained up to 30 mol-% γBL repeating units in the copolymer.[84] The
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reported yields do not exceed 3%. Kricheldorf et al. prepared copolymers of γBL and
glycolide with yields up to 42% and containing up to 25 mol-% of oxybutyroyl units via
cationic polymerization with FeCl3, BF3 · Et2O, or FSO3H as initiators.[85] Fukuzaki et
al. prepared relatively low molecular weight polyesters from glycolic acid and γBL in
the presence of water without catalysts at 200 ◦C in a nitrogen atmosphere.[86] Further-
more, they reacted γBL with l-lactic acid (LA) at 200 ◦C in the absence of a catalyst
and obtained poly(γBL-co-LA) with an oxybutyroyl unit content of up to 19 mol-% and
M¯n ≈ 2× 103.[87] Tsuda et al. prepared copolymers of γBL and ε-caprolactone with 3,3-
bis(chloromethyl)oxacyclobutane via cationic polymerization with BF3 · Et2O as a cat-
alyst at 0 ◦C for 4 days.[88] Ito et al. obtained via cationic mechanism copolymers of
β-propiolactone and γBL.[89] Hori et al. prepared high molecular weight copolymers (M¯n
up to 96 000) with an oxybutyroyl unit content of up to 35 mol-% via copolymerization of
γBL with (R)-β-butyrolactone initiated with 1-ethoxy-3-chlorotetrabutyldistannoxane.[90]
In an analogous way, Lee et al. obtained oligomeric copolyesters with an oxybutyroyl unit
content of up to 56 mol-% via copolymerization of γBL with β-butyrolactone in the bulk
with BF3 · Et2O as a catalyst at room temperature.[91] Various copolyesters with γBL con-
tent of up to 26 mol-% and M¯n up to 1.5×105 were synthesized by Nakayama et al. via ring-
opening polymerization of γBL with l-lactide, glycolide, β-propiolactone, δ-valerolactone,
or ε-caprolactone with tetraphenyl tin as an initiator.[92] Mas et al. reported on the cur-
ing of diglycidyl ether bisphenol A with γBL and ytterbium triflate as a catalyst.[93] Hou
and co-workers showed that the samarium(II) bis(aryloxide) complex Sm(OAr)2(THF)3
exerts an extremely high activity for the ring-opening polymerization of ε-caprolactone
and δ-valerolactone and the copolymerization of ε-caprolactone with γBL (copolyesters
containing up to 22 mol-% γBL units with M¯n up to 12.9 × 104 were prepared).[94, 95]
1H and 13C NMR spectroscopic studies showed that in ε-caprolactone–γ-butyrolactone
copolymers the γBL units all exist in an isolated form and the ε-caprolactone units all
in blocks and, therefore, are different from any of the conventional alternating, block, or
random copolymers. Fedtke et al. studied the influence of the catalysts boron trifluo-
ride p-methoxyaniline complex and BF3 · Et2O in the cationic copolymerization of phenyl
glycidyl ether with γBL, yielding copolymers with low lactone content.[96]
The present chapter describes the copolymerization of TeU with γBL initiated with
dibutylmagnesium (Bu2Mg) and the copolymerization of TeU with mixtures of γBL and
EC or PC. The microstructure of the obtained polymers is determined by means of NMR
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spectroscopy, the molecular weight and molecular weight distribution are determined by
means of gel permeation chromatography (GPC), and the thermal properties by means
of differential scanning calorimetry (DSC) and thermogravimetric analysis (TGA).
7.3 Experimental Part
7.3.1 Materials
Starting materials and reagents used for the monomer synthesis and polymerization
reactions were of high purity. N,N -Dimethylacetamide (DMAc, Acros Organics) and
dibutylmagnesium (Bu2Mg, Aldrich), 1.0 m solution in heptane, were used as received. γ-
Butyrolactone (Acros Organics), ethylene carbonate (Acros Organics), and 1,2-propylene
carbonate (Aldrich) were dried over calcium hydride and distilled under vacuum before
use. Tetramethylene urea (cf. Chapter 6) was subjected to sublimation before use. The
synthesis of poly(TeU–EC) 52 and poly(TeU–PC) 58 is described in the previous chap-
ter. Where necessary, the reactions were conducted in a nitrogen atmosphere. Nitrogen
(Linde) was passed over molecular sieves (4 A˚) and finely distributed potassium on alu-
minum oxide for purification.
7.3.2 Measurements
1H and 13C NMR spectra were recorded on a Bruker DPX-300 FT-NMR spectrometer at
300 and 75 MHz, respectively. Dimethyl sulfoxide (DMSO-d6) was used as a solvent, and
tetramethylsilane (TMS) served as an internal standard.
Gel permeation chromatography (GPC) analyses were carried out on a high-
temperature GPC at 80 ◦C (Polymer Laboratories PL-GPC210 with a Bischoff HPLC
compact pump) using a refractive index detector (Polymer Laboratories). The eluting
solvent was N,N -dimethylacetamide (DMAc) with 2.44 g·L−1 LiCl and a flow rate of
0.8 mL·min−1. Four columns with MZ-DVB gel were applied: length of each column,
300 mm; diameter, 8 mm; diameter of gel particles, 5 µm; nominal pore widths, 100, 100,
103, 104 A˚. Calibration was achieved using polystyrene standard samples with a narrow
molecular weight distribution.
Differential scanning calorimetric (DSC) analyses were performed on a Netzsch DSC
204 in a nitrogen atmosphere. All samples were annealed for 1 h at a given temperature
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closely below their melting temperature. Heating and cooling rates of 10 K·min−1 were
applied. Calibration was achieved using indium standard samples.
Thermogravimetric analyses (TGA) were performed on a TG 209 C with a TA-System-
Controller TASC 414/4 from Netzsch. The measurements were performed in a nitrogen
atmosphere with a heating rate of 10 K·min−1.
7.3.3 Copolymerization of TeU with γBL
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TeU (279 mg, 2.44 mmol) and γBL (631 mg, 7.33 mmol) were heated to 100 ◦C; Bu2Mg
(50 µL) was then added, and the polymerization occurred within 24 h in a nitrogen at-
mosphere. The product was dissolved in DMAc (6 mL) and precipitated into water. The
product was dried under vacuum (10−2 mbar) at 50 ◦C. Yield: 409 mg (2.04 mmol; 84%).
1H NMR (DMSO-d6, 80
◦C): δ = 1.41 (m, 4H, H-4, H-5), 1.77 (m, 2H, H-10), 2.12
(m, 2H, H-9), 3.01 (m, 4H, H-3, H-6), 3.93 (t, 2H, H-11, 3J = 6.7 Hz), 6.52 (m, 1H, H-2),
7.38 (m, 1H, H-7) ppm.
13C NMR (DMSO-d6, 80
◦C): δ = 24.63 (C-10), 26.04/26.49 (C-4/C-5), 31.46 (C-9),
37.88 (C-6), 39.79 (C-3), 62.83 (C-11), 155.75 (C-1), 170.86 (C-8) ppm.
GPC (DMAc/LiCl): M¯n = 12 600; M¯w = 21 100; M¯w/M¯n = 1.67.
7.3.4 Copolymerization of TeU with Mixtures of EC and γBL
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General procedure for the copolymerization of 1 equiv. of TeU with 1 equiv. of EC and
X equiv. of γBL, e.g., 3 equiv. of γBL.
TeU (478 mg, 4.19 mmol), EC (369 mg, 4.19 mmol), and γBL (1.08 g, 12.57 mmol)
were heated to 100 ◦C; Bu2Mg (50 µL) was then added, and the polymerization occurred
within 24 h in a nitrogen atmosphere. The product was dissolved in DMAc (6 mL) and
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precipitated into water. The product was dried under vacuum (10−2 mbar) at 50 ◦C.
Yield: 674 mg (3.34 mmol; 80%).
1H NMR (DMSO-d6): δ = 1.36 (m, H-4, H-5, H-15, H-16), 1.76 (m, H-10), 2.10 (t,
H-9, 3J = 6.8 Hz), 2.95 (m, H-3, H-6, H-14, H-17), 3.89 (m, H-11), 4.08 (s, H-20, H-21),
6.73/6.81 (m, H-2(Z), H-13(Z), H-18(Z)), 7.05/7.19 (m, H-2(E), H-13(E), H-18(E)), 7.81 (m,
H-7) ppm.
13C NMR (DMSO-d6): δ = 25.12 (C-10), 26.58/26.98/26.85 (C-4, C-5, C-15, C-16),
31.81 (C-9), 38.31 (C-6), 39.79 (C-3, C-14, C-17), 62.50 (C-11, C-20, C-21), 156.16 (C-12,
C-19), 156.44 (C-1), 171.54 (C-8) ppm.
GPC (DMAc/LiCl): M¯n = 12 800; M¯w = 22 200; M¯w/M¯n = 1.73.
7.3.5 Copolymerization of TeU with Mixtures of PC and γBL
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General procedure for the copolymerization of 1 equiv. of TeU with X equiv. of PC and
Y equiv. of γBL, e.g., 1 equiv. of PC and 1 equiv. of γBL.
TeU (497 mg, 4.36 mmol), PC (445 g, 4.36 mmol), and γBL (375 mg, 4.36 mmol) were
heated to 100 ◦C; Bu2Mg (50 µL) was then added, and the polymerization occurred within
24 h in a nitrogen atmosphere. The product was dissolved in DMAc (6 mL) and precip-
itated into water. The product was dried under vacuum (10−2 mbar) at 50 ◦C. Yield:
619 mg (2.97 mmol; 68%).
1H NMR (DMSO-d6): δ = 1.13 (d, H-22,
3J = 6.4 Hz), 1.35 (m, H-4, H-5, H-15, H-
16), 1.74 (m, H-10), 2.10 (t, H-9, 3J = 6.7 Hz), 2.94 (m, H-3, H-6, H-14, H-17), 3.91 (m,
H-11, H-21), 4.79 (m, H-20), 6.73/6.75 (m, H-2(Z), H-13(Z), H-18(Z)), 7.07/7.18 (m, H-2(E),
H-13(E), H-18(E)), 7.81 (m, H-7) ppm.
13C NMR (DMSO-d6): δ = 16.79 (C-22), 25.11 (C-10), 26.57–27.01 (C-4, C-5, C-15,
C-16), 31.81 (C-9), 38.31 (C-6), 40.07 (C-3, C-14, C-17), 63.29 (C-11), 65.96 (C-21), 68.24
(C-20), 155.80 (C-19), 156.11 (C-12), 156.40 (C-1), 171.48 (C-8) ppm.
GPC (DMAc/LiCl): M¯n = 19 300; M¯w = 35 400; M¯w/M¯n = 1.83.
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7.4 Results and Discussion
In the past and in the previous chapter, we reported the synthesis of polyurethanes
via isocyanate-free methods, e.g., the copolymerization of TeU with EC, with 2,2-
dimethyltrimethylene carbonate, or with PC.[12, 74] The result of all copolymerization
reactions is a polyurethane with alternating carbonyl-amino-tetramethylene-amino and
carbonyl-oxy-dimethylene-oxy, carbonyl-oxy-2,2-dimethyltrimethylene-oxy, or carbonyl-
oxy-methylethylene-oxy repeating units.
Furthermore, to cover a wide range of properties, polymers with different functional
groups were synthesized and characterized in our group, e.g., poly(ester amide)s,[97–101]
poly(amide urethanes),[56, 102] and poly(amide urea)s and poly(amide urethane ure-
thane)s.[57] The properties of these polymers are determined not only by the building
blocks but also by the concentration and by the distribution—random or regular—of the
functional groups.
γ-Butyrolactone, a five-membered lactone which does not homopolymerize, is a read-
ily available and cheap monomer which excellently fits our strategy toward the synthesis
of polyurethanes via isocyanate-free ways and at the same time toward the preparation
of polymers with different functional groups. For these purposes, TeU was copolymer-
ized with γBL in the presence of dibutylmagnesium (Bu2Mg) as a catalyst leading to
an alternating poly(amide urethane), as will be shown later. The obtained polymers
are interesting materials for coating applications because they possess good adsorption
properties on different types of surfaces and do not yellow.
Copolymerization of TeU 6 with γBL 60 in the presence of dibutylmagnesium (Bu2Mg)
as a catalyst in the melt at 100 ◦C results in an alternating copolymer (M¯n = 12 600;
M¯w = 21 000; M¯w/M¯n = 1.67) with the microstructure of a poly(amide urethane) 63.
Scheme 7.1 illustrates the proposed mechanism for the copolymerization of TeU with
γBL. Bu2Mg does not initiate the homopolymerization of TeU nor of γBL under the
reaction conditions applied. However, in the presence of Bu2Mg a mixture of TeU and
γBL is converted into a polymer. We presume that TeU reacts initially with Bu2Mg
to form the salt 49 in which the nucleophilicity of the nitrogen is enhanced, and the
reaction between activated TeU and γBL is made possible. Ring opening leads to the AB
monomer 61. The equilibrium between compound 61 and its isocyanato compound 62
is completely shifted to the side of compound 61 at 100 ◦C as was shown by means of
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Scheme 7.1: Proposed mechanism of TeU/γBL copolymerization: formation of an alter-
nating poly(amide urethane).
1H NMR spectroscopic investigations on a model compound, i.e., phenyl 2-oxo-1,3-diaz-
epane-1-carboxylate (cf. Chapter 6). Nucleophilic attack of the alcoholate oxygen at the
endocyclic carbonyl carbon of 61 results in polymer 63 under ring opening.
The 1H NMR spectrum of the purified poly(TeU–γBL) 63 in DMSO-d6 at 80
◦C (Fig-
ure 7.1) shows the resonance lines of the methylene protons of the TeU repeating units at
δ = 1.41 and 3.01 ppm, and the characteristic shifts of the NH protons of the urethane
and amide group at δ = 6.52 and 7.38 ppm, respectively. Furthermore, the spectrum
reveals an almost 1:1 ratio of TeU and γBL repeating units, although a three-fold excess
of γBL was used in the monomer feed. The small deviation from the 1:1 ratio of TeU and
γBL repeating units is caused by the formation of TeU–TeU diads (δ = 5.52 ppm). The
resonance lines of the γBL repeating units are found at δ = 1.77 ppm (–COCH2CH2–),
δ = 2.12 ppm (–COCH2–), and δ = 3.93 ppm (–CH2O–).
The 13C NMR spectrum of poly(TeU–γBL) 63 (Figure 7.2), which usually gives more
insight into the microstructure of copolymers and, in particular, the signals of the carbonyl
carbons which are sensitive to sequence effects, shows single resonance lines confirming the
uniform microstructure. The carbonyl carbon signals are found at δ = 155.75 (urethane
linkage) and 170.86 ppm (amide linkage). Also, single resonance lines are found for the
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Figure 7.1: 1H NMR spectrum of poly(TeU–γBL) 63 in DMSO-d6 at 80
◦C (T = TMS;
E = end group; D = DMSO; # = TeU–TeU diad).
methylene carbons of the TeU repeating units at δ = 26.04, 26.49, 37.88, and 39.79 ppm.
The methylene carbons of the γBL repeating units are found at δ = 24.63, 31.46, and
62.83 ppm. It should be mentioned that the chemical shifts of the –OCONHCH2CH2–
and –CONHCH2CH2– carbons of the TeU repeating units differ slightly, but no clear
assignment can be made.
The copolymerization of 1 equiv. of TeU with a mixture of 1 equiv. of γBL
and 1 equiv. of EC in the presence of dibutylmagnesium (Bu2Mg) as a catalyst
in the melt at 100 ◦C results in poly[(TeU–γBL)-stat-(TeU–EC)] with randomly
distributed carbonyl-amino-tetramethylene-amino, carbonyl-trimethylene-oxy, carbonyl-
amino-tetramethylene-amino, and carbonyl-oxy-dimethylene-oxy repeating units (M¯n =
11 400; M¯w = 18 600; M¯w/M¯n = 1.63). The γBL content in the terpolymer was calcu-
lated from the 1H NMR spectrum (Figure 7.3). The signal intensity of the amide proton
(I(7), δ = 7.6–8.0 ppm), which is indicative of γBL repeating units in the terpolymer, was
compared with the signal intensity of the urethane protons (I(2,13,18), δ = 6.5–7.45 ppm),
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Figure 7.2: 13C NMR spectrum of poly(TeU–γBL) 63 in DMSO-d6 at 80
◦C (D = DMSO).
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Figure 7.3: 1H NMR spectrum of poly[(TeU–γBL)-stat-(TeU–EC)] 64a from TeU
(1 equiv.), EC (1 equiv.), and γBL (1 equiv.) in DMSO-d6 (D = DMSO; H = water;
# = TeU–TeU diad).
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Table 7.1: γBL content, yield, molecular weight, and molecular weight distribution of the
polymers with EC in the feed.
Equivalents γBL contenta Yield M¯n M¯w M¯w/M¯n
TeU EC γBL mol-% %
52 1 3 – 0 79 8 600 12 500 1.46
63 1 – 3 100 84 12 600 21 100 1.67
64a 1 1 1 16.2 68 11 400 18 600 1.63
64b 1 1 2 27.0 54 8 200 12 000 1.46
64c 1 1 3 33.2 80 12 800 22 200 1.73
64d 1 1 4 35.1 58 10 700 16 900 1.58
64e 1 1 5 38.3 37 8 100 12 200 1.50
64f 1 1 10 b b 4 300 7 100 1.66
a γBL content = r.u.(γBL)/[r.u.(γBL) + r.u.(EC)]× 100%; r.u. = repeating unit. b Polymer 64f
cannot be isolated by precipitation of a DMAc solution into water. GPC results were ob-
tained from the raw material.
which is indicative of γBL and EC repeating units in the terpolymer. It should be men-
tioned that each NH proton signal of the urethane groups is split into two signals (E
and Z conformers) because of conformational restrictions around the CO–N bond (this
phenomenon is not observed at higher temperatures; cf. Figure 7.1). The γBL content in
the terpolymer is calculated according to the following equation:
mol-% γBL =
I(7)
I(7) +
I(2,13,18)−I(7)
2
× 100% (7.1)
Although the ratio of γBL and EC in the feed was 1:1, only 16.2 mol-% of γBL were
incorporated into the polymer, showing that the reactivity of EC is much higher than
that of γBL.
To increase the concentration of γBL in the polymer, the fraction of γBL in the feed
was constantly increased. The γBL content in the terpolymer as calculated from the
1H NMR spectra according to Equation 7.1 increases with increasing concentration of
γBL in the feed up to a maximum of 38.3 mol-% (Table 7.1). The formation of large
sequences of TeU–EC is excluded as will be shown later (section Thermal Properties).
The microstructure of the terpolymers was analyzed by means of 13C NMR spec-
troscopy which is sensitive to sequence effects. Figure 7.4 (I at room temperature; II at
100 ◦C) shows as an example the carbonyl carbon signals of poly[(TeU–γBL)-stat-(TeU–
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Figure 7.4: 13C NMR spectrum of poly[(TeU–γBL)-stat-(TeU–EC)] 64d in DMSO-d6; I
at room temperature, II at 100 ◦C (four sequences were taken into consideration: UUU,
AUU, UUA, AUA).
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EC)] 64d (35.1 mol-% γBL). At room temperature, four sequences are assumed to be
responsible for the carbonyl carbon resonance around δ = 156 ppm (signals C and D).
The sequence TeU–EC–TeU–EC absorbs at the highest field (δ = 156.16 ppm; signal C).
Furthermore, three sequences (signal D), i.e., TeU–γBL–TeU–EC, TeU–EC–TeU–γBL,
and TeU–γBL–TeU–γBL, which at the time being cannot be assigned are expected. In
addition, signal D shows a splitting of the signals because of conformational restrictions
of the polymer chain. Signal A (δ = 171.54 ppm) is assigned to the carbonyl carbon of
the amide group. Occasionally, a small signal B is observed at δ = 172.60 ppm, which is
assumed to be due to the carbonyl carbon of the ester group of a TeU–γBL–γBL sequence.
II shows that at 100 ◦C the carbonyl carbon signals are shifted to higher field. However,
the conformational restrictions are not eliminated.
According to GPC analysis, poly[(TeU–γBL)-stat-(TeU–EC)] 64a–f show moderate
molecular weights (8 100 < M¯n < 12 800; 12 000 < M¯w < 22 200) and unimodal elution
curves (1.46 < M¯w/M¯n < 1.73) (Table 7.1). It should be mentioned that polymers 52, 63,
and 64a–e precipitate after a certain monomer conversion has been reached. Polymer 64f
could not be precipitated from a DMAc solution into water (GPC results were obtained
from the raw material).
The results obtained for the copolymerization of TeU with a 1:1 mixture of EC and
PC, leading to a PC content of 19.6 mol-% (Chapter 6), and with a 1:1 mixture of EC and
γBL, leading to a γBL content of 16.2 mol-%, lead to the preliminary conclusion that the
reactivity of the three five-membered cyclic monomers increases in the following order:
EC >> PC ≈ γBL.
To investigate the reactivity between PC and γBL, 1 equiv. of TeU was copolymerized
with a mixture of 1 equiv. of PC and 1 equiv. of γBL in the presence of dibutylmagne-
sium (Bu2Mg) as a catalyst in the melt at 100
◦C, resulting in the random terpolymer
poly[(TeU–γBL)-stat-(TeU–PC)] (M¯n = 19 300; M¯w = 35 400; M¯w/M¯n = 1.83). The
γBL content in the terpolymer was calculated from the 1H NMR spectrum according to
Equation 7.1.
A γBL content of 47.8 mol-% confirms that the reactivity of γBL is similar to that of
PC. To increase the content of γBL in the terpolymer, 2 equiv. of γBL were used in the
feed. The opposite was done to decrease the γBL content (Table 7.2).
Figure 7.5 shows the carbonyl carbon signals of poly[(TeU–γBL)-stat-(TeU–PC)]
65a–c. By comparing I–III, it is evident that signal D (δ = 156.40 ppm), which in-
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Table 7.2: γBL content, yield, molecular weight, and molecular weight distribution of the
polymers with PC in the feed.
Equivalents γBL contenta Yield M¯n M¯w M¯w/M¯n
TeU PC γBL mol-% %
58 1 3 – 0 49 12 200 18 400 1.50
63 1 – 3 100 84 12 600 21 100 1.67
65a 1 1 1 47.8 68 19 300 35 400 1.83
65b 1 1 2 62.4 14 9 100 10 200 1.12
65c 1 2 1 27.4 28 11 100 14 200 1.28
a γBL content = r.u.(γBL)/[r.u.(γBL) + r.u.(PC)]× 100%; r.u. = repeating unit.
creases or decreases with increasing (II) or decreasing (III) γBL content, has to be as-
signed to the carbonyl carbon of the TeU–γBL urethane group. Signals C and E in a
1:1 ratio are assigned to the carbonyl carbon of the TeU–PC urethane groups; because of
the different orientation of the PC repeating units, a carbonyl carbon signal is observed
at δ = 156.11 ppm (signal C), which corresponds to –NHCOOCH2CH(CH3)O–, and at
δ = 155.80 ppm (signal E), which corresponds to –NHCOOCH(CH3)CH2O–. This assign-
ment was made after comparing the chemical shift of the carbonyl carbon of the TeU–EC
urethane group (δ = 156.16 ppm) with that of TeU–PC urethane group. Furthermore,
signal A (δ = 171.48 ppm) is assigned to the carbonyl carbon of the amide group. A small
signal B is observed in II at δ = 172.50 ppm, and it is assumed that this signal has to be
assigned to the carbonyl carbon of the ester group of a TeU–γBL–γBL sequence. Having
a closer look at the resonance lines, a small peak around signal D, in particular in figure
II, is observed. It is likely that because of the relatively high γBL content, signal D1 has
to be assigned to the urethane carbonyl carbon of a TeU–γBL–TeU–γBL sequence.
According to GPC analysis, poly[(TeU–γBL)-stat-(TeU–PC)] 65a–c show moderate
molecular weights (9 100 < M¯n < 19 300; 10 200 < M¯w < 35 400) and unimodal elution
curves (1.12 < M¯w/M¯n < 1.83) (Table 7.2). It should be mentioned that the low yield of
polymers 65b and 65c is because of the removal of low molecular weight material upon
fractionation.
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Figure 7.5: 13C NMR spectrum of poly[(TeU–γBL)-stat-(TeU–PC)] 65a–c in DMSO-d6
(I = 47.8 mol-% γBL; II = 62.4 mol-% γBL; III = 27.4 mol-% γBL.)
7.4.1 Thermal Properties
The thermogravimetric analysis of the poly(TeU–γBL) 63 shows that it is stable up to
approximately 210 ◦C; then it begins to decompose in three steps to form volatile products
(at 247.6, 277.4, and 303.4 ◦C). Poly(TeU–EC) 52 (100 mol-% EC) and poly(TeU–PC)
58 (100 mol-% PC) decompose with a first maximum at 265.9 and 266.3 ◦C, respectively
(cf. Chapter 6).
The thermogravimetric analyses of poly[(TeU–γBL)-stat-(TeU–EC)] 64a–e and
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Figure 7.6: TGA of poly(TeU–EC) 52 (—), poly(TeU–PC) 58 (−−), poly(TeU–γBL) 63
(· · ·), poly[(TeU–γBL)-stat-(TeU–EC)] 64a (− ·), poly[(TeU–γBL)-stat-(TeU–PC)] 65c
(− · ·).
poly[(TeU–γBL)-stat-(TeU–PC)] 65a–c show that they are stable up to approximately
220 ◦C; then they begin to decompose in three steps to form volatile products (at approxi-
mately 252, 260, and 304 ◦C). It should be mentioned that the first and second maximum
are often depicted as one maximum with a shoulder. TGA analyses show that the thermal
stability of the terpolymers 64a–e or 65a–c is between those of poly(TeU–γBL) 63 and
poly(TeU–EC) 52 or poly(TeU–PC) 58 (Figure 7.6). However, the thermal stability is
only slightly affected by the terpolymer composition (Table 7.3). The first two maxima
are assigned to the elimination of γBL and EC or PC and the formation of a polyurea.
The third maximum is assigned to the fragmentation of the newly formed polyurea. The
intramolecular elimination of cycles is known from the literature. For example, Berti et
al.[78] showed that a bisphenol A-polycarbonate is obtained after intramolecular elimina-
tion of EC from an alternating EC/bisphenol A-polycarbonate copolymer. In the past, our
group proved experimentally that cyclic ethylene urea and propylene urea, but not tetra-
methylene urea, are formed in an intramolecular reaction from an alternating poly(amide
urea).[57] However, the three-step decomposition of poly(TeU–γBL) 63 cannot be ex-
plained at this moment; TGA experiments in combination with mass spectroscopy should
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Table 7.3: Temperature of poly(TeU–EC) 52, poly(TeU–PC) 58, poly(TeU–γBL) 63,
poly[(TeU–γBL)-stat-(TeU–EC)] 64e, poly[(TeU–γBL)-stat-(TeU–PC)] 65c at different
weight loss measured by means of TGA (Tx% = T at x% weight loss).
Polymer T5% T10% T50% T90%
◦C ◦C ◦C ◦C
52 poly(TeU–EC) 236 253 294 392
58 poly(TeU–PC) 237 254 276 318
63 poly(TeU–γBL) 214 229 264 305
64e poly[(TeU–γBL)-stat-(TeU–EC)]a 204 238 271 360
65c poly[(TeU–γBL)-stat-(TeU–PC)]b 226 236 274 317
a 38.3 mol-% γBL. b 27.4 mol-% γBL.
be done to explain this result.
In Figure 7.7, a typical DSC curve is shown for poly[(TeU–γBL)-stat-(TeU–EC)] 64c
as an example after annealing the sample. Before annealing, DSC traces show small
endothermic peaks at T < Tm which disappear on annealing. The heating run shows a
glass transition at 33.3 ◦C and a sharp melting transition at 203.2 ◦C.
Table 7.4 shows DSC results of poly(TeU–γBL) 63, poly(TeU–EC) 52 and poly(TeU–
PC) 58, poly[(TeU–γBL)-stat-(TeU–EC)] 64a–e, and poly[(TeU–γBL)-stat-(TeU–PC)]
65a–c. It should be noted that all samples were annealed for 1 h at a given temperature
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Figure 7.7: DSC curve of poly[(TeU–γBL)-stat-(TeU–EC)] 64c.
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Table 7.4: DSC results of polymers 52, 58, 63, 64a–e, and 65a–c after annealing.
Polymer γBL contenta Tg Tm ∆Hm
mol-% ◦C ◦C J·g−1
52 poly(TeU–EC) b 35.7 203.1 72.1
58 poly(TeU–PC) c 51.4 143.9 37.6
63 poly(TeU–γBL) 100 36.4 196.5 19.8
64a poly[(TeU–γBL)-stat-(TeU–EC)] 16.2 36.8 203.5 42.7
64b poly[(TeU–γBL)-stat-(TeU–EC)] 27.0 33.1 201.5 48.8
64c poly[(TeU–γBL)-stat-(TeU–EC)] 33.2 33.3 203.2 61.1
64d poly[(TeU–γBL)-stat-(TeU–EC)] 35.1 30.0 202.5 48.3
64e poly[(TeU–γBL)-stat-(TeU–EC)] 38.3 40.1 198.8 45.9
65a poly[(TeU–γBL)-stat-(TeU–PC)] 47.8 50.2 176.7 31.1
65b poly[(TeU–γBL)-stat-(TeU–PC)] 62.4 30.3 166.7 35.5
65c poly[(TeU–γBL)-stat-(TeU–PC)] 27.4 42.5 152.2 35.5
a For polymers 52, 63, and 64a–e: γBL content = r.u.(γBL)/[r.u.(γBL) + r.u.(EC)]× 100%; for
polymers 58 and 65a–c: γBL content = r.u.(γBL)/[r.u.(γBL) + r.u.(PC)]× 100%; r.u. = repeating
unit. b 100 mol-% EC. c 100 mol-% PC.
closely below their melting temperature.
Poly(TeU–γBL) 63 (100 mol-% γBL) exerts a Tm of 196.5
◦C. The melting enthalpy
is low (19.8 J·g−1), indicating that poly(TeU–γBL) 63 is a material with low degree of
crystallinity. Poly(TeU–EC) 52 (100 mol-% EC) exerts a Tm of 203.1
◦C and shows a high
melting enthalpy (72.1 J·g−1). Furthermore, Table 7.4 shows that poly[(TeU–γBL)-stat-
(TeU–EC)] 64a–e are highly crystalline materials.
Figure 7.8 shows that Tm is not affected by the terpolymer composition. EC and γBL
are both five-membered rings with the difference that one oxygen of the carbonate group
is substituted by a carbon atom, leading to an ester group. Therefore, the difference
in the terpolymer composition is merely one atom, and thus, Tm is not affected by the
terpolymer composition. It should be mentioned that all values are within a 2.5% limit
from the straight line.
In addition, the glass transition temperature of poly(TeU–γBL) 63 (36.4 ◦C) does not
significantly differ from that of poly(TeU–EC) 52 (35.7 ◦C) (Table 7.4). Figure 7.9 shows
that Tg is only slightly affected by the terpolymer composition. The same observation was
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Figure 7.8: Tm as a function of γBL content for polymers 52, 63, and 64a–e.
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Figure 7.9: Tg as a function of γBL content for polymers 52, 63, and 64a–e.
made by Duda et al. in the copolymerization reaction of γBL with ε-caprolactone.[81] The
variation of the glass transition temperature is explained by the fact that poly[(TeU–γBL)-
stat-(TeU–EC)] show different microstructures (i.e., sequence of TeU–EC and TeU–γBL
diads). Because of the different reactivity of γBL and EC, the ratio of γBL/EC in the
feed will influence the statistics of the distribution of repeating units. This very probably
is also the origin of the scatter of the Tg values observed in Figure 7.9.
Poly(TeU–PC) 58 (100 mol-% PC) exerts a Tm of 143.9
◦C (Table 7.4). Its degree
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Figure 7.10: Tm as a function of γBL content for polymers 58, 63, and 65a–c.
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Figure 7.11: Tg as a function of γBL content for polymers 58, 63, and 65a–c.
of crystallinity is lower than that of poly(TeU–EC) 52 because of the atacticity of the
polymer. Furthermore, Table 7.4 shows that the degree of crystallinity of poly[(TeU–
γBL)-stat-(TeU–PC)] 65a–c is lower than that of poly[(TeU–γBL)-stat-(TeU–EC)] 64a–e
because of the atacticity of the terpolymers.
Figure 7.10 shows that Tm increases from 143.9 to 196.5
◦C for polymers 58, 63, and
65a–c in which the γBL content increases from 0 to 62.4 mol-%, indicating a random
structure of the terpolymer. This observation was also made for poly[(TeU–EC)-stat-
(TeU–PC)] with different terpolymer compositions where Tm decreases continuously with
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increasing PC content (cf. Chapter 6). All values are within a 5% limit from the straight
line.
The glass transition temperature of poly(TeU–PC) 58 is estimated to be 51.4 ◦C
(Table 7.4). Figure 7.11 shows that Tg decreases with increasing γBL content.
7.5 Conclusions
An almost strictly alternating semicrystalline poly(amide urethane) (M¯n = 12 600) was
prepared from TeU and γBL via an isocyanate-free route. The small defect in the mi-
crostructure is unavoidable because of the formation of TeU–TeU diads. Furthermore,
terpolymers (8 100 < M¯n < 19 300) with up to 62.4 mol-% γBL repeating units were
prepared from TeU, EC, or PC and γBL. The thermal properties of poly[(TeU–γBL)-
stat-(TeU–EC)] are only slightly affected as those of poly[(TeU–γBL)-stat-(TeU–PC)]
can be controlled by the ratio of PC and γBL in the feed. It is shown that the reactivity
of the three five-membered cyclic monomers follows the order EC >> PC ≈ γBL.

Chapter 8
Novel Intramolecularly Blocked
Isocyanates as Stable
One-component Systems for
Poly(urea urethane)s
8.1 Summary
Poly(urea urethane) building blocks 75a–e were prepared by polycondensation of N -
(hydroxyalkyl)-2-oxo-1,3-diazepane-1-carboxamides 74a–e in bulk. The latter com-
pounds were obtained under mild reaction conditions from a novel type of activated ure-
thane/intramolecularly blocked isocyanate, i.e., phenyl 2-oxo-1,3-diazepane-1-carboxylate
53 and a homologous series of amino alcohols. The influence of several catalysts (DABCO,
Sn(octoate)2, and Bu2Mg) and reaction temperatures (100–150
◦C) on molecular weight
and microstructure of the obtained polymers was studied. The poly(urea urethane)s are
semicrystalline materials and their melting points show the odd/even effect observed ear-
lier for [n]-polyamides, [n]-polyurethanes, poly(ester amide)s, and poly(amide urethane)s.
TGA analysis showed that the polymers are stable up to approximately 205–230 ◦C, the
polymers with lower number of methylene groups in the amino alcohol decomposing at the
lower temperature. However, the temperature at 50% weight loss occurs for all polymers
around 300–318 ◦C.
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8.2 Introduction
Commercially manufactured polyurethanes and polyureas are prepared from di- or poly-
functional isocyanates with di- or polyfunctional hydroxy compounds, or di- or poly-
functional amines, respectively.[1–5] The synthesis of well-defined alternating poly(urea
urethane)s is difficult along this route. Polymers containing different groups, e.g., ure-
thane, urea, allophanate, biuret, isocyanurate, and uretdione groups, will be formed in a
random way.
Another possibility to prepare polyurethanes or polyureas is the reaction of blocked
isocyanates with hydroxy or amino compounds.[103] The commonly used term “blocked
isocyanate” needs further explanation (Scheme 8.1). Compound 66 can be considered ei-
ther as a blocked isocyanate or as an activated urethane. At high temperatures (> 150 ◦C)
elimination of the blocking agent BH leads to the free isocyanate 67, which then reacts
with a nucleophile to form the urethane or urea 68 (i.e., elimination followed by addi-
tion). At lower temperatures (< 100 ◦C) addition of the nucleophile to compound 66, an
activated urethane, takes place to yield a tetrahedral intermediate 69 followed by elimi-
nation of the blocking agent BH (i.e., addition followed by elimination).[103] Finally, the
intramolecularly blocked isocyanate 70 is a latent isocyanate which thermally yields the
free isocyanate 71 while the blocking group, in the presence of nucleophiles, becomes part
of the product 72.[104]
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Scheme 8.1: Blocked isocyanates, activated urethanes, and intramolecularly blocked iso-
cyanates.
Novel Intramolecularly Blocked Isocyanates as Stable One-component Systems . . . 133
Typical blocking agents are phenols, oximes, alcohols, ε-caprolactam, 3,5-
dimethylpyrazole, 1,2,4-triazole, and diethyl malonate.[103] Another simple method of
blocking an isocyanate represents the reversible formation of uretdiones by dimerization
of isocyanates in the presence of trialkylphosphines as catalysts.
Recently, Mu¨lhaupt and Loontjens et al. reported on the use of carbonyl biscaprolac-
tam as a new very versatile, nontoxic reagent that converts terminal as well as pendant
hydroxy and amino groups of functional polymers into the corresponding caprolactam-
blocked isocyanates without requiring the use of isocyanates.[105,106]
In our group activated urethanes, i.e., α-hydroxy-ω-O-phenyl urethanes obtained from
a homologous series of amino alcohols and diphenyl carbonate were used to synthesize [n]-
polyurethanes.[33]
This chapter describes the use of a novel type of “blocked isocyanates”, i.e., phenyl
2-oxo-1,3-diazepane-1-carboxylate 53, and ethyl 2-oxo-1,3-diazepane-1-carboxylate 73, in
which the O-phenyl urethane or O-ethyl urethane is considered as an activated urethane
and the 1,3-diazepan-2-one ring as an intramolecularly blocked isocyanate. In a condensa-
tion reaction of 53 with a homologous series of amino alcohols 7a–e, new AB monomers,
N -(hydroxyalkyl)-2-oxo-1,3-diazepane-1-carboxamides 74a–e, were prepared. The poly-
condensation of 74a–e to result in alternating poly(urea urethane)s is investigated. The
microstructure of the obtained polymers is determined by means of NMR spectroscopy,
the molecular weight and molecular weight distribution are determined by means of gel
permeation chromatography (GPC), and the thermal properties by means of differential
scanning calorimetry (DSC) and thermogravimetric analysis (TGA).
HN N
O
R
O 53: R = OPh
73: R = OEt
74a: R = NH(CH2)2OH
74b: R = NH(CH2)3OH
74c: R = NH(CH2)4OH
74d: R = NH(CH2)5OH
74e: R = NH(CH2)6OH
8.3 Experimental Part
8.3.1 Materials
Starting materials and reagents used for the monomer synthesis and polymerization re-
actions were of high purity. The synthesis of phenyl 2-oxo-1,3-diazepane-1-carboxylate
53 and tetramethylene urea (TeU, 6) was described previously (Chapter 6). 2-Amino-
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1-ethanol (BASF), 3-amino-1-propanol (BASF), 4-amino-1-butanol (Acros Organics), 5-
amino-1-pentanol (Fluka), 6-amino-1-hexanol (Fluka), octadecylamine (Aldrich), formic
acid (> 99%, Merck), ethyl chloroformate (Acros Organics), triethylamine (Riedel
de Haen), 1,4-diazabicyclo[2.2.2]octane (DABCO, Aldrich), tin(II) 2-ethylhexanoate
(Sn(octoate)2, Aldrich), and dibutylmagnesium (Bu2Mg, Aldrich), 1.0 m solution in hep-
tane, were used as received. Dichloromethane was distilled from phosphorus pentoxide
before use. Where necessary, the reactions were conducted in a nitrogen atmosphere.
Nitrogen (Linde) was passed over molecular sieves (4 A˚) and finely distributed potassium
on aluminum oxide for purification.
8.3.2 Measurements
1H and 13C NMR spectra were recorded on a Bruker DPX-300 FT-NMR spectrometer at
300 and 75 MHz, respectively. Either deuterated chloroform (CDCl3), dimethyl sulfoxide
(DMSO-d6), or trifluoroacetic acid (TFA-d) was used as a solvent, and tetramethylsilane
(TMS) served as an internal standard.
Gel permeation chromatography (GPC) analyses were carried out on a high-
temperature GPC at 80 ◦C (Polymer Laboratories PL-GPC210 with a Bischoff HPLC
compact pump) using a refractive index detector (Polymer Laboratories). The eluting
solvent was N,N -dimethylacetamide (DMAc) with 2.44 g·L−1 LiCl and a flow rate of
0.8 mL·min−1. Four columns with MZ-DVB gel were applied: length of each column,
300 mm; diameter, 8 mm; diameter of gel particles, 5 µm; nominal pore widths, 100, 100,
103, 104 A˚. Calibration was achieved using polystyrene standard samples with a narrow
molecular weight distribution.
Differential scanning calorimetric (DSC) analyses were performed on a Netzsch DSC
204 in a nitrogen atmosphere. All samples were annealed for 1 h at 170–180 ◦C. Heating
and cooling rates of 10 K·min−1 were applied. Calibration was achieved using indium
standard samples.
Thermogravimetric analyses (TGA) were performed on a TG 209 with a TA-System-
Controller TASC 414/4 from Netzsch. The measurements were performed in a nitrogen
atmosphere with a heating rate of 10 K·min−1.
C, H, and N elemental analysis was performed on a Heraeus CHN-O-Rapid Elementar
Vario EL instrument.
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Polarizing optical microscopy was performed on a Zeiss AXIOSKOP polarizing micro-
scope equipped with a photoautomat Mettler FP 80.
Melting points were determined on a Bu¨chi SMP 20.
8.3.3 Ethyl 2-Oxo-1,3-diazepane-1-carboxylate
HN N
O O
O1
2
3
4 5
6
7
8
9
To a solution of tetramethylene urea (4.81 g, 42.1 mmol) and triethylamine (6.39 g,
63.1 mmol) in dichloromethane (50 mL), ethyl chloroformate (6.85 g, 63.1 mmol) was
added dropwise over a period of 15 min at 50 ◦C with stirring. The reaction mixture
was refluxed for 2 h. Cooling to room temperature and evaporation of the solvent yielded
a mixture of amine hydrochloride and ethyl 2-oxo-1,3-diazepane-1-carboxylate. The mix-
ture was treated with water (65 mL), stirred for 45 min, filtered, and dried. The product
was purified by means of silica gel chromatography (diethyl ether/ethyl acetate = 1/1)
and dried under vacuum (10−2 mbar) at 50 ◦C. Yield: 6.37 g (34.2 mmol; 81%). Colorless
crystals with a m.p. of 128 ◦C were obtained.
1H NMR (CDCl3): δ = 1.30 (t, 3H, H-9,
3J = 7.2 Hz), 1.66 (m, 2H, H-4), 1.75 (m,
2H, H-5), 3.21 (dt, 2H, H-3, 3J = 5.0 Hz), 3.62 (m, 2H, H-6), 4.24 (q, 2H, H-8, 3J = 7.2
Hz), 6.92 (t, 1H, H-2) ppm.
13C NMR (CDCl3): δ = 14.45 (C-9), 27.39 (C-5), 27.75 (C-4), 42.82 (C-3), 45.49
(C-6), 62.36 (C-8), 153.97 (C-7), 160.14 (C-1) ppm.
1H NMR (DMSO-d6): δ = 1.17 (t, 3H, H-9,
3J = 7.1 Hz), 1.51 (m, 2H, H-4), 1.58 (m,
2H, H-5), 2.98 (dt, 2H, H-3, 3J = 5.0 Hz), 3.42 (m, 2H, H-6), 4.09 (q, 2H, H-8, 3J = 7.1
Hz), 7.71 (t, 1H, H-2) ppm.
13C NMR (DMSO-d6): δ = 14.30 (C-9), 27.25 (C-5), 27.37 (C-4), 41.54 (C-3), 44.38
(C-6), 61.24 (C-8), 153.35 (C-7), 157.61 (C-1) ppm.
Elemental analysis: C8H14N2O3 (186.2): Calcd. C 51.60 H 7.58 N 15.05; Found C
51.35 H 7.93 N 15.99.
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8.3.4 N -(Hydroxyethyl)-2-oxo-1,3-diazepane-1-carboxamide
HN N
O O
N
H
OH
1
2
3
4 5
6
7
8 9
10
11
Phenyl 2-oxo-1,3-diazepane-1-carboxylate (1.56 g, 6.66 mmol) in dichloromethane (15 mL)
was treated with 2-amino-1-ethanol (610 mg, 9.98 mmol). After stirring for 48 h at
room temperature, 3 mL of a strong acidic cation-exchange resin (Dowex X50; activ-
ity: 1.7 mmol·mL−1) was added to remove excess of amino alcohol. After separation from
the resin by filtration, the solvent was removed under vacuum. The crude product was
purified by column chromatography on silicagel. First, diethyl ether was used for the
removal of phenol, followed by the elution of the product with methanol. The product
was dried under vacuum (10−2 mbar) at 50 ◦C. Colorless crystals with a m.p. of 118 ◦C
were obtained. Yield: 1.10 g (5.47 mmol, 82%).
1H NMR (CDCl3): δ = 1.78 (m, 4H, H-4, H-5), 3.22 (dt, 2H, H-3,
3J = 4.2 Hz), 3.42
(dt, 2H, H-9, 3J = 5.3 Hz), 3.71 (m, 2H, H-10), 3.80 (m, 2H, H-6), 5.69 (t, 1H, H-2), 8.52
(t, 1H, H-8) ppm.
13C NMR (CDCl3): δ = 26.00 (C-4), 26.42 (C-5), 43.22 (C-9), 43.49 (C-3), 44.69
(C-6), 62.37 (C-10), 156.60 (C-7), 162.94 (C-1) ppm.
1H NMR (DMSO-d6): δ = 1.61 (m, 4H, H-4, H-5), 3.05 (dt, 2H, H-3,
3J = 4.0 Hz),
3.18 (dt, 2H, H-9, 3J = 5.6 Hz), 3.43 (dt, 2H, H-10, 3J = 5.3 Hz), 3.62 (m, 2H, H-6), 4.72
(t, 1H, H-11, 3J = 5.0 Hz), 7.17 (t, 1H, H-2, 3J = 4.1 Hz), 8.26 (t, 1H, H-8, 3J = 5.3 Hz)
ppm.
13C NMR (DMSO-d6): δ = 25.79 (C-4), 26.29 (C-5), 42.01 (C-3), 42.33 (C-9), 43.49
(C-6), 59.77 (C-10), 155.08 (C-7), 161.71 (C-1) ppm.
8.3.5 N -(Hydroxypropyl)-2-oxo-1,3-diazepane-1-carboxamide
HN N
O O
N
H
OH1
2
3
4 5
6
7
8 9
10
11 12
Phenyl 2-oxo-1,3-diazepane-1-carboxylate (1.07 g, 4.58 mmol) in dichloromethane (10 mL)
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was treated with 3-amino-1-propanol (516 mg, 6.87 mmol). After stirring for 48 h at room
temperature, the crude product was purified by precipitation into cold diethyl ether. The
product was dried under vacuum (10−2 mbar) at 50 ◦C. Colorless crystals with a m.p. of
103 ◦C were obtained. Yield: 887 mg (4.12 mmol, 90%).
1H NMR (CDCl3): δ = 1.72 (m, 2H, H-10), 1.79 (m, 4H, H-4, H-5), 3.23 (dt, 2H, H-3,
3J = 4.3 Hz), 3.41 (dt, 2H, H-9, 3J = 6.2 Hz), 3.62 (m, 2H, H-11), 3.81 (m, 2H, H-6), 5.62
(m, 1H, H-2), 8.42 (t, 1H, H-8) ppm.
13C NMR (CDCl3): δ = 25.98 (C-4), 26.42 (C-5), 32.72 (C-10), 36.62 (C-9), 43.54
(C-3), 44.70 (C-6), 59.07 (C-11), 156.60 (C-7), 162.90 (C-1) ppm.
1H NMR (DMSO-d6): δ = 1.54 (m, 2H, H-10), 1.61 (m, 4H, H-4, H-5), 3.04 (dt, 2H,
H-3, 3J = 4.0 Hz), 3.17 (dt, 2H, H-9, 3J = 6.4 Hz), 3.42 (m, 2H, H-10), 3.61 (m, 2H, H-6),
4.49 (t, 1H, H-12, 3J = 4.5 Hz), 7.15 (t, 1H, H-2, 3J = 4.1 Hz), 8.17 (t, 1H, H-8, 3J = 5.4
Hz) ppm.
13C NMR (DMSO-d6): δ = 25.80 (C-4), 26.31 (C-5), 32.35 (C-10), 36.83 (C-9), 42.02
(C-3), 43.42 (C-6), 58.32 (C-11), 155.00 (C-7), 161.74 (C-1) ppm.
8.3.6 N -(Hydroxybutyl)-2-oxo-1,3-diazepane-1-carboxamide
HN N
O O
N
H1
2
3
4 5
6
7
8 9 OH
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11
12
13
Phenyl 2-oxo-1,3-diazepane-1-carboxylate (1.78 g, 7.60 mmol) in dichloromethane (15 mL)
was treated with 4-amino-1-butanol (1.02 g, 11.41 mmol). After stirring for 44 h at
room temperature, 3 mL of a strong acidic cation-exchange resin (Dowex X50; activ-
ity: 1.7 mmol·mL−1) was added to remove excess of amino alcohol. After separation from
the resin by filtration, the solvent was removed under vacuum. The crude product was
purified by column chromatography on silicagel. First, diethyl ether was used for the
removal of phenol, followed by the elution of the product with methanol. The product
was dried under vacuum (10−2 mbar) at 50 ◦C, and an oil was obtained. Yield: 1.69 g
(7.37 mmol, 97%).
1H NMR (CDCl3): δ = 1.60 (m, 4H, H-10, H-11), 1.78 (m, 4H, H-4, H-5), 2.77 (br s,
H-13), 3.22 (m, 2H, H-3), 3.28 (m, 2H, H-9), 3.64 (t, 2H, H-12, 3J = 5.7 Hz), 3.79 (m,
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2H, H-6), 5.74 (t, 1H, H-2), 8.34 (t, 1H, H-8, 3J = 5.3 Hz) ppm.
13C NMR (CDCl3): δ = 25.98 (C-4), 26.14 (C-10), 26.43 (C-5), 29.92 (C-11), 40.15
(C-9), 43.48 (C-3), 44.53 (C-6), 62.09 (C-12), 155.69 (C-7), 163.05 (C-1) ppm.
1H NMR (DMSO-d6): δ = 1.42 (m, 4H, H-10, H-11), 1.61 (m, 4H, H-4, H-5), 3.04 (m,
2H, H-3), 3.11 (m, 2H, H-9), 3.39 (m, 2H, H-12), 3.62 (m, 2H, H-6), 4.42 (m, 1H, H-13),
7.15 (t, 1H, H-2), 8.16 (t, 1H, H-8, 3J = 5.5 Hz) ppm.
13C NMR (DMSO-d6): δ = 25.79 (C-4), 25.99 (C-10), 26.30 (C-5), 29.84 (C-11), 39.50
(C-9), 42.05 (C-3), 43.42 (C-6), 60.39 (C-12), 154.96 (C-7), 161.82 (C-1) ppm.
8.3.7 N -(Hydroxypentyl)-2-oxo-1,3-diazepane-1-carboxamide
HN N
O O
N
H1
2
3
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Phenyl 2-oxo-1,3-diazepane-1-carboxylate (1.60 g, 6.84 mmol) in dichloromethane (15 mL)
was treated with 5-amino-1-pentanol (1.06 g, 10.26 mmol). After stirring for 27 h at
room temperature, 3 mL of a strong acidic cation-exchange resin (Dowex X50; activ-
ity: 1.7 mmol·mL−1) was added to remove excess of amino alcohol. After separation from
the resin by filtration, the solvent was removed under vacuum. The crude product was
purified by column chromatography on silicagel. First, diethyl ether was used for the
removal of phenol, followed by the elution of the product with methanol. The product
was dried under vacuum (10−2 mbar) at 50 ◦C, and a wax was obtained. Yield: 1.50 g
(6.16 mmol, 90%).
1H NMR (CDCl3): δ = 1.40 (m, 2H, H-11), 1.57 (m, 4H, H-10, H-12), 1.79 (m, 4H,
H-4, H-5), 2.51 (br s, H-14), 3.25 (m, 4H, H-3, H-9), 3.62 (t, 2H, H-13, 3J = 6.4 Hz), 3.80
(t, 2H, H-6), 5.49 (t, 1H, H-2), 8.33 (t, 1H, H-8, 3J = 4.7 Hz) ppm.
13C NMR (CDCl3): δ = 23.10 (C-11), 26.01 (C-4), 26.43 (C-5), 29.44 (C-10), 32.28
(C-12), 40.28 (C-9), 43.57 (C-3), 44.52 (C-6), 62.47 (C-13), 155.58 (C-7), 163.06 (C-1)
ppm.
1H NMR (DMSO-d6): δ = 1.28 (m, 2H, H-11), 1.42 (m, 4H, H-10, H-12), 1.60 (m, 4H,
H-4, H-5), 3.04 (m, 2H, H-3), 3.09 (m, 2H, H-9), 3.38 (t, 2H, H-13, 3J = 6.4 Hz), 3.61
(m, 2H, H-6), 4.36 (t, 1H, H-14, 3J = 5.1 Hz), 7.15 (t, 1H, H-2, 3J = 4.2 Hz), 8.16 (t, 1H,
H-8, 3J = 5.3 Hz) ppm.
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13C NMR (DMSO-d6): δ = 22.89 (C-11), 25.77 (C-4), 26.27 (C-5), 29.16 (C-10), 32.11
(C-12), 39.62 (C-9), 42.01 (C-3), 43.39 (C-6), 60.54 (C-13), 154.92 (C-7), 161.79 (C-1)
ppm.
8.3.8 N -(Hydroxyhexyl)-2-oxo-1,3-diazepane-1-carboxamide
HN N
O O
N
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Phenyl 2-oxo-1,3-diazepane-1-carboxylate (1.62 g, 6.92 mmol) in dichloromethane (15 mL)
was treated with 6-amino-1-hexanol (1.22 g, 10.37 mmol). After stirring for 31 h at
room temperature, 3 mL of a strong acidic cation-exchange resin (Dowex X50; activ-
ity: 1.7 mmol·mL−1) was added to remove excess of amino alcohol. After separation from
the resin by filtration, the solvent was removed under vacuum. The crude product was
purified by column chromatography on silicagel. First, diethyl ether was used for the
removal of phenol, followed by the elution of the product with methanol. The product
was dried under vacuum (10−2 mbar) at 50 ◦C, and an oil was obtained. Yield: 1.77 g
(6.88 mmol, 99%).
1H NMR (CDCl3): δ = 1.37 (m, 4H, H-11, H-12), 1.54 (m, 4H, H-10, H-13), 1.80 (m,
4H, H-4, H-5), 2.39 (br s, H-15), 3.24 (m, 4H, H-3, H-9), 3.62 (t, 2H, H-14, 3J = 6.6 Hz),
3.81 (t, 2H, H-6, 3J = 4.9 Hz), 5.46 (t, 1H, H-2), 8.32 (t, 1H, H-8, 3J = 4.9 Hz) ppm.
13C NMR (CDCl3): δ = 25.29 (C-12), 26.02 (C-4), 26.44 (C-5), 26.57 (C-11), 29.58
(C-10), 32.55 (C-13), 40.21 (C-9), 43.58 (C-3), 44.50 (C-6), 62.52 (C-14), 155.54 (C-7),
163.07 (C-1) ppm.
1H NMR (DMSO-d6): δ = 1.28 (m, 4H, H-11, H-12), 1.42 (m, 4H, H-10, H-13), 1.61
(m, 4H, H-4, H-5), 3.05 (m, 2H, H-3), 3.09 (m, 2H, H-9), 3.38 (t, 2H, H-14, 3J = 6.4 Hz),
3.62 (m, 2H, H-6), 4.32 (br s, H-15), 7.14 (t, 1H, H-2, 3J = 4.2 Hz), 8.17 (t, 1H, H-8, 3J =
5.3 Hz) ppm.
13C NMR (DMSO-d6): δ = 25.15 (C-12), 25.79 (C-4), 26.26 (C-5, C-11), 29.31 (C-10),
32.42 (C-13), 39.56 (C-9), 42.05 (C-3), 43.41 (C-6), 60.61 (C-14), 154.94 (C-7), 161.83
(C-1) ppm.
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8.3.9 Poly(urea urethane)s
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In a dry Schlenk flask, the respective N -(hydroxyalkyl)-2-oxo-1,3-diazepane-1-carbox-
amide, e.g., N -(hydroxypentyl)-2-oxo-1,3-diazepane-1-carboxamide (848 mg, 3.49 mmol),
and catalyst, e.g., DABCO (42 mg), were heated to the desired temperature and poly-
merized for 24–48 h in a nitrogen atmosphere. The product was dissolved in formic acid
(8 mL) and precipitated into cold diethyl ether. The product was dried under vacuum
(10−2 mbar) at 50 ◦C.
The 1H NMR spectra of all poly(urea urethane)s were in accord with the proposed
structures. The 1H NMR data of 75d are given as an example.
1H NMR (DMSO-d6, 100
◦C): δ = 1.26–1.61 (m, H-4, H-5, H-9, H-10, H-11), 2.94 (m,
H-3, H-6), 3.90 (t, H-12, 3J = 6.2 Hz), 5.76 (s, H-7), 7.07 (s, H-2) ppm.
8.3.10 α-Alkyl-ω-hydroxy-poly(urea urethane)
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In a dry Schlenk flask, N -(hydroxypropyl)-2-oxo-1,3-diazepane-1-carboxamide 74b
(311 mg, 1.45 mmol), DABCO (16 mg), and octadecylamine (1 equiv. for 77, 0.8 equiv.
for 78, or 0.5 equiv. for 79) were heated to 150 ◦C and polymerized for 24 h in a nitrogen
atmosphere. The products 77-79 were used without further purification.
1H NMR (TFA-d): δ = 0.92 (m, H-1), 1.35 (m, H-2, H-3), 1.76 (m, H-4, H-9, H-10),
2.07 (m, H-14), 2.19 (m, H-14*), 3.32–3.58 (m, H-5, H-8, H-11, H-13), 4.33 (m, H-15),
4.56 (m, H-15*) ppm.
13C NMR (TFA-d): δ = 14.77 (C-1), 24.36 (C-2), 27.39, 28.20, 31.43, 31.52, 33.80
(C-2, C-3, C-4, C-9, C-10, C-14, C-14*), 40.32, 43.08, 43.93, 44.05 (C-5, C-8, C-11, C-13),
67.64 (C-15), 67.70 (C-15*), 161.24–161.57 (C-7, C-12) ppm.
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8.4 Results and Discussion
The blocking of isocyanate groups is especially useful for paint and adhesive chemistry in
order to formulate stable one-component polyurethane systems.[107,108] The ideal blocking
agent should become part of the polymer backbone, thereby eliminating the need for well-
ventilated working areas and the danger of bubble formation.
Ulrich et al. published in 1978 the use of cyclic ureas (five- to eight-membered
cyclic ureas) as intramolecularly blocked isocyanates.[104] Therefore, they synthesized
N -benzoylureas from the corresponding cyclic ureas and benzoyl chloride and found that
the five- and six-membered cyclic ureas do not appreciably undergo ring opening upon
heating in an inert high-boiling solvent, while the seven- and eight-membered ring ureas
undergo ring opening on refluxing in o-dichlorobenzene.
In Chapters 6 and 7, we showed that it is possible to copolymerize the seven-membered
cyclic urea (tetramethylene urea, TeU) with ethylene carbonate, 1,2-propylene carbonate,
or γ-butyrolactone to obtain polyurethanes or poly(amide urethane)s. A novel type of
activated urethane/intramolecularly blocked isocyanate, i.e., phenyl 2-oxo-1,3-diazepane-
1-carboxylate 53, from TeU and phenyl chloroformate, was synthesized in 90% yield and
investigations on the equilibrium between compound 53 and (4-isocyanato-butyl)carbamic
acid phenyl ester 54, or 1,4-diisocyanatobutane 55 was used to clarify the reaction mech-
anism of the copolymerization of TeU with the aforementioned non-homopolymerizable
monomers (Scheme 8.2).
It was shown by means of 1H NMR spectroscopy that this equilibrium is completely
shifted to the left side at 100 ◦C (Chapter 6). This means that at room temperature the
O-phenyl urethane is considered as an activated urethane and the 1,3-diazepan-2-one ring
as an intramolecularly blocked isocyanate.
NHN
O
O
O
OCN
H
N OPh
O
OCN NCO
+ PhOH
53 54 55
Scheme 8.2: Equilibrium between activated urethane/intramolecularly blocked isocyanato
compound 53 and its activated urethane/isocyanato compound 54 or diisocyanato com-
pound 55.
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This led us to the idea to synthesize new AB monomers from 53 in a facile conden-
sation reaction with a homologous series of amino alcohols. N -(Hydroxyalkyl)-2-oxo-1,3-
diazepane-1-carboxamides 74a–e, with a nucleophilic group (the hydroxy group) at one
end and an electrophilic group (the intramolecularly blocked isocyanate) at the other end
of the molecule, were synthesized under mild conditions from 53 with an excess of amino
alcohols 7a–e (Scheme 8.3).
It should be mentioned that, under the reaction conditions applied, the amino group
of the amino alcohol reacts selectively with the electrophilic carbonyl carbon of the O-
phenyl urethane; the urea ring remains intact. Excess of amino alcohol is removed from
the reaction medium by extraction with a strong acidic cation-exchange resin. The AB
monomers were isolated by precipitation or column chromatography in yields higher than
82%.
In addition, from TeU and ethyl chloroformate, ethyl 2-oxo-1,3-diazepane-1-carboxyl-
ate 73 was synthesized which has the advantage of a nontoxic leaving group, i.e., ethanol.
Several attempts were made to synthesize N -(hydroxyalkyl)-2-oxo-1,3-diazepane-1-car-
boxamides 74a–e from 73 and amino alcohols (e.g., 3-amino-1-propanol or 6-amino-1-
hexanol) in dichloromethane or chloroform solution at room temperature, 50 ◦C, and
reflux. Furthermore, attempts were made to synthesize 74a–e from 73 with an excess of
amino alcohol (5 to 10 equivalents) at room temperature, 50, and 80 ◦C. However, either
HN N
O O
O
HN N
O
N
H
O
R O N
H
H
N
H
N R O H
53
HN N
O
N
H
O
R OH
74a-e
(i)
O
O
(ii)
75a-e
a: R = (CH2)2
b: R = (CH2)3
c: R = (CH2)4
d: R = (CH2)5
e: R = (CH2)6 n
Scheme 8.3: Synthesis of poly(urea urethane)s 75a–e by polycondensation of N -(hydroxy-
alkyl)-2-oxo-1,3-diazepane-1-carboxamides 74a–e; (i) 53/amino alcohol 7a–e = 1/1.5,
CH2Cl2, rt; (ii) 74a–e, DABCO (5 wt.-%), T = 150
◦C, t = 48 h, or Sn(octoate)2 (5 wt.-
%), T = 150 ◦C, t = 24 h, or Bu2Mg (50 µL), T = 100–125
◦C, t = 24 h.
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Scheme 8.4: Reaction of ethyl 2-oxo-1,3-diazepane-1-carboxylate 73 with amino alcohols.
no conversion, or a urea and a urethane with elimination of TeU and ethanol were obtained
(Scheme 8.4). Obviously, the cyclic urea is the preferred leaving group upon nucleophilic
attack at the exocyclic carbonyl group (in analogy to ε-caprolactam as blocking agent).
Furthermore, attempts were made to synthesize phenyl tetrahydro-2-oxopyrimidine-
1(2H )-carboxylate, an activated urethane/intramolecularly blocked isocyanato compound
similar to compounds 53 and 73, from trimethylene urea and phenyl chloroformate.
Therefore, reactions were carried out in various solvents, i.e., dichloromethane (at room
temperature and reflux), 1,4-dioxane (at 100 ◦C), a mixture of water and dichloromethane
(at room temperature without and in the presence of tetrabutylammonium bromide as
a phase transfer catalyst), and triethylamine (at 50 ◦C). However, the desired product
could not be obtained, probably because of the poor solubility of trimethylene urea in the
aforementioned solvents.
The N -(hydroxyalkyl)-2-oxo-1,3-diazepane-1-carboxamides 74a–e were subjected to
polycondensation (Scheme 8.3). Several reaction conditions, including different types of
catalysts, which all are well-known in the polyurethane chemistry,[3, 103] were investigated
(Table 8.1).
With DABCO (5 wt.-%) as a catalyst, the N -(hydroxyalkyl)-2-oxo-1,3-diazepane-1-
carboxamides 74a–e were polymerized in bulk for 48 h at 150 ◦C. Low molecular weight
material is formed at 125 ◦C (M¯n = 2 100). Small amounts of crystals (2–7 mol-%)
sublimed at the mouth of the flask and were identified by means of NMR spectroscopy as
TeU and DABCO. This indicates that a nucleophilic attack takes place at the exocyclic
carbonyl moiety as well. According to GPC analysis of the purified products, poly(urea
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Table 8.1: Yield, molecular weight, and molecular weight distribution of the obtained
poly(urea urethane)s.
Catalyst T t Yield M¯n M¯w M¯w/M¯n
◦C h %
75a DABCO 150 48 96 7 700 12 700 1.65
75b DABCO 150 48 90 8 600 14 400 1.68
75c DABCO 150 48 93 10 000 16 100 1.61
75d DABCO 150 48 98 13 500 26 200 1.95
75e DABCO 150 48 60 5 400 7 000 1.29
75d DABCO 125 72 – 2 100 2 400 1.14
75a Sn(octoate)2 150 24 65 4 400 5 100 1.17
75b Sn(octoate)2 150 24 45 4 200 4 900 1.16
75c Sn(octoate)2 150 24 30 4 800 6 300 1.31
75d Sn(octoate)2 150 24 17 3 500 3 700 1.08
75e Sn(octoate)2 150 24 22 6 000 9 400 1.59
75a Bu2Mg 125 24 93 9 000 14 900 1.67
75b Bu2Mg 115 24 90 13 300 26 600 1.99
75c Bu2Mg 100 24 95 3 200 7 600 2.36
75d Bu2Mg 100 24 98 7 900 35 300 4.48
75e Bu2Mg 100 24 70 6 600 18 400 2.79
75c Bu2Mg 125 24 93 13 300 52 700 3.97
75d Bu2Mg 125 24 96 13 600 30 700 2.26
75e Bu2Mg 125 24 75 12 800 37 300 2.92
urethane)s with moderate molecular weights (5 400 < M¯n < 13 500; 7 000 < M¯w < 26 200)
were obtained. All poly(urea urethane)s show unimodal elution curves (1.29 < M¯w/M¯n <
1.95). It should be mentioned that the low yield of polymer 75e is because of the removal
of low molecular weight material upon fractionation (M¯w/M¯n = 1.29) (Table 8.1).
Alternatively, the N -(hydroxyalkyl)-2-oxo-1,3-diazepane-1-carboxamides 74a–e were
polymerized in bulk for 24 h at 150 ◦C with Sn(octoate)2 (5 wt.-%) as a catalyst. However,
according to GPC analysis of the purified products, only oligomers (3 500 < M¯n < 6 000;
3 700 < M¯w < 9 400) with low yields—because of the removal of low molecular weight
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Figure 8.1: 1H NMR spectrum in DMSO-d6 at 100
◦C of poly(urea urethane) 75c obtained
by the polycondensation of 74c with DABCO as a catalyst (D = DMSO; H = water; *
= formate end group).
material upon fractionation (1.08 < M¯w/M¯n < 1.59)—were obtained.
Finally, the N -(hydroxyalkyl)-2-oxo-1,3-diazepane-1-carboxamides 74a–e were poly-
merized in bulk for 24 h with Bu2Mg as a catalyst, i.e., 74a (m.p. 118
◦C) and 74b (m.p.
103 ◦C) at 125 and 115 ◦C and 74c–e at 100 as well as at 125 ◦C. GPC analysis of the
purified products 75c–e shows that at 125 ◦C higher molecular weights were obtained
than at 100 ◦C. However, partially cross-linked material is formed from 74c–e but not
from 74a at 125 ◦C which became evident from the partial insolubility of the material in
formic acid. It is likely that cross-linking occurs involving the NH group of a urethane
or urea group of the polymer, a feature which was used by Li et al. to synthesize soluble
cross-linked polyurethanes.[109,110] GPC analysis of the purified products in hot DMAc
and, if necessary, filtration of parts of insoluble material, shows bimodal elution curves
for 75c–e (2.26 < M¯w/M¯n < 3.97), indicating that branched polymers are formed, and a
unimodal elution curve for 75a (M¯w/M¯n = 1.67). For the materials obtained at 100
◦C
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(75c–e) and 115 ◦C (75b), no cross-linking was observed, however, GPC analysis shows
bimodal elution curves (1.99 < M¯w/M¯n < 4.48). It should be mentioned that in all cases
a precipitate is immediately formed after the addition of Bu2Mg.
Figure 8.1 shows as an example the 1H NMR spectrum of the purified poly(urea ure-
thane) 75c obtained with DABCO as a catalyst. Therefore, the polymer was dissolved
in hot DMSO-d6 (∼ 15 mg·mL−1), and a long-time NMR experiment was done at 100 ◦C.
The urethane and urea proton signals are found at δ = 6.53 and 5.55 ppm, respectively.
The signals of the methylene protons adjacent to the nitrogen atom of the urea or ure-
thane group are observed at δ = 3.02 ppm and are partly covered by the residual water
signal of DMSO-d6. The signals of the methylene protons adjacent to the oxygen atom of
the urethane group are found at δ = 3.97 ppm. Because of the work-up, proton signals of
a formate end group are observed at δ = 4.14 and 8.18 ppm. All other methylene protons
are found at high field between 1.3 and 1.7 ppm.
8.4.1 Thermal Properties
The TGA thermograms of poly(urea urethane)s 75a–e (Figure 8.2) show a dependence of
the degradation temperature on the microstructure. Polymers 75a–b start to decompose
at around 205 and 210 ◦C, respectively, which is by about 20–30 ◦C lower than the starting
temperature of decomposition of polymers 75c–e. However, the degradation temperature
does not increase with increasing number of methylene groups in 75a–e as was previously
observed for, e.g., poly(amide urethane)s.[102] Table 8.2 shows the temperature of the
poly(urea urethane)s 75a–e at 5, 10, 50, and 80% weight loss. According to Table 8.2,
Table 8.2: TGA and DSC results of poly(urea urethane)s 75a–e (DSC results obtained
after annealing; Tx% = T at x% weight loss).
T5% T10% T50% T80% Tg Tm ∆Hm
◦C ◦C ◦C ◦C ◦C ◦C J·g−1
75a 213 228 317 379 23.0 198.8 33.7
75b 221 240 302 355 37.0 192.1 37.5
75c 247 257 301 348 31.3 209.7 38.3
75d 247 257 308 342 27.7 191.2 47.5
75e 243 255 319 373 32.0 193.9 56.5
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Figure 8.2: TGA of poly(urea urethane)s 75a–e; — (75a); −− (75b); · · · (75c); − ·
(75d); − · · (75e).
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Figure 8.3: Melting points of poly(urea urethane)s 75a–e after annealing.
the temperature at 50% weight loss is 301–319 ◦C.
The DSC data were obtained after annealing each sample for 1 h at around 170 to
180 ◦C and are listed in Table 8.2. DSC analysis indicated that all poly(urea urethane)s
are semicrystalline materials. The poly(urea urethane)s with an even number of carbon
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atoms in the amino alcohol units have a higher melting point than those with an odd
number of carbon atoms (Figure 8.3). A pronounced odd-even effect was observed ear-
lier for [n]-polyamides,[111] [n]-polyurethanes,[33, 37] poly(ester amide)s,[98] and poly(amide
urethane)s.[102]
8.4.2 Applications
The isocyanate-free synthesis of the aforementioned poly(urea urethane) building blocks
is of interest for the coating and adhesive chemistry. In addition, upon adding inorganic
fillers to the monomers 74a–e, heating of the mixture will result in composites in which
the inorganic fillers are well dispersed within the polymeric material.
Furthermore, because of the hydrophilicity of the urea and urethane groups of the
poly(urea urethane)s in combination with the possibility of these materials to self-
assemble, the idea was borne to synthesize low molecular weight gelators. The majority of
gelators is covered by non-hydrogen-bond-based gelators and hydrogen-bond-based gela-
tors.[112,113] Dominating structural motifs of hydrogen-bond-based gelators are amino
acids,[114] amide,[115–117] and urea (type) moieties.[118–122] The gelators were synthesized
from N -(hydroxyalkyl)-2-oxo-1,3-diazepane-1-carboxamide 74b and octadecylamine 76
(Scheme 8.5). Therefore, 74b and 1, 0.8, or 0.5 equiv. of octadecylamine were heated
with DABCO as a catalyst to 150 ◦C for 24 h to synthesize gelators 77, 78, and 79 (P¯n
values were calculated from the 1H NMR spectrum in TFA-d).
CH3(CH2)17NH2 HN N
O
N
H
O
OH+
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H3C NH
N
H
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H
N O H
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77 (n = 1.0); 78 (n = 1.5); 79 (n = 2.0)
Scheme 8.5: Isocyanate-free synthesis of gelators 77 (n = 1.0), 78 (n = 1.5), and 79
(n = 2.0) with a hydrophobic alkyl tail and a hydrophilic head; 74b/76 = 1/1, 1/0.8, or
1/0.5, DABCO (5 wt.-%), T = 150 ◦C, t = 24 h.
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Table 8.3: Gel formation of 77, 78, and 79 in various solvents of different polarity.
Solvent 77 78 79
DMF OG OG OG
DMSO P P TG
ethanol P P P
THF OG OG (s) P
chloroform P P P
acetone P P P
toluene TG TG TG (s)
n-butylacetate OG OG (s) P
cyclohexane P P P
m-xylene TG (s) TG (s) P
cyclohexanone P P CS
1-pentanol P P CS
CS = clear solution; OG = opaque gel; P = precipitate; TG = translucent gel; s = soft.
The gelation ability of 77-79 for a range of organic solvents was examined by dissolving
approximately 2 mg of the compound in 0.2 mL of the desired solvent under heating. The
solubility of these compounds at room temperature is very poor in all examined solvents.
Upon slow cooling to room temperature, a gel, i.e., a turbid–translucent gel (TG) or
an opaque–white gel (OG), a precipitate (P), or a clear solution (CS) was observed,
depending on the solvent used (Table 8.3). Phase separation, that is, opaque gel formation
and precipitation, was observed for all gelators in the polar solvent DMF. Furthermore,
opaque gel formation was observed in THF and n-butylacetate for gelators 77 and 78. It
should be mentioned that for 78 in THF and n-butylacetate, the gels are destroyed easily
by mechanical agitation and, therefore, are called soft gels (s). In addition, Table 8.3
shows that the gelation ability of 77-79 decreases with increasing amount of repeating
units for the solvents toluene, n-butylacetate, m-xylene, and THF. In particular for THF
and n-butylacetate, it is shown that 77 and, to a minor extent, 78 act as gelators in
THF and n-butylacetate, whereas a precipitate is obtained for 79. However, only 79 can
gelate the polar solvent DMSO. Figure 8.4 shows the formation of small crystallites of 78
dispersed in the opaque gel formed by 78 in DMF.
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Figure 8.4: Polarizing optical micrograph of an opaque gel formed by 78 in DMF.
8.5 Conclusions
Under mild reaction conditions, AB monomers, i.e., N -(hydroxyalkyl)-2-oxo-1,3-diaze-
pane-1-carboxamides 74a–e, with an intramolecularly blocked isocyanate and a hydroxy
group, were synthesized from a novel type of activated urethane/intramolecularly blocked
isocyanate (phenyl 2-oxo-1,3-diazepane-1-carboxylate 53) and a homologous series of
amino alcohols. Several catalysts for the polycondensation of 74a–e, leading to poly-
meric building blocks with urea and urethane groups without the release of a blocking
agent, were investigated. With Sn(octoate)2 as a catalyst at 150
◦C, only oligomers are
formed. Polycondensation of 74a and 74c–e with Bu2Mg as a catalyst at 125
◦C leads
for 74c–e, but not for 74a, to partially cross-linked material. Branched polymers are
obtained with Bu2Mg as a catalyst at 115
◦C for 74b and at 100 ◦C for 74c–e. Poly(urea
urethane)s with moderate molecular weights (5 400 < M¯n < 13 500; 7 000 < M¯w < 26 200)
and unimodal elution curves (1.29 < M¯w/M¯n < 1.95) were obtained with DABCO as a
catalyst at 150 ◦C. However, to a small extent nucleophilic attack of the hydroxy group
takes place at the exocyclic carbonyl moiety as well. The hydrophilicity of the urea
and urethane groups of the poly(urea urethane) building blocks was used to synthesize
amphiphilic molecules which act as gelators for various organic solvents.
Chapter 9
Investigations on the Microstructure
and Properties of Poly(urea
urethane)s from Tetramethylene
Urea and Cyclic Urethanes or
N -(Hydroxyalkyl)-2-oxo-1,3-diaze-
pane-1-carboxamides
9.1 Summary
Tetramethylene urea (TeU, 6) is successfully copolymerized with trimethylene urethane
(TMU, 9), leading to a poly(urea urethane) with the same microstructure as the poly(urea
urethane) prepared from N -(hydroxypropyl)-2-oxo-1,3-diazepane-1-carboxamide 74b. As
deduced from 1H NMR spectroscopy, differences in the microstructure of the poly(urea
urethane)s obtained from N -(hydroxypropyl)-2-oxo-1,3-diazepane-1-carboxamide or TeU
and TMU are found only in signals of minor intensities which belong to either end groups
or side products. However, 13C NMR spectroscopy indicates that the poly(urea urethane)
obtained from TeU and TMU is not a strictly alternating poly(urea urethane), i.e., the
polymer contains different sequences of TeU and TMU. The copolymerization of TeU with
dimethylene urethane (DMU, 8), as an alternative route to the polycondensation of N -(hy-
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droxyethyl)-2-oxo-1,3-diazepane-1-carboxamide, is unsuccessful. The thermal properties,
in particular the TGA thermograms, of the poly(urea urethane)s obtained from N -(hy-
droxypropyl)-2-oxo-1,3-diazepane-1-carboxamide or TeU and TMU differ. TGA of the
poly(urea urethane) obtained from TeU and TMU shows a clear three-step decomposition
while the poly(urea urethane) obtained from N -(hydroxypropyl)-2-oxo-1,3-diazepane-1-
carboxamide shows a more complex decomposition. The melting temperatures of both
poly(urea urethane)s differ slightly.
9.2 Introduction
Polymers containing heteroatoms in the main chain are prepared either by polyconden-
sation or by ring-opening (co)polymerization. The ring-opening (co)polymerization of
various heterocycles, such as cyclic carbonates, lactones, cyclic amide-esters, urethanes,
and ureas, has been intensively investigated by our group.[152] Copolymerization of the
aforementioned monomers results in random, sequential, block, and alternating copoly-
mers depending on the initiator used and the polymerization conditions applied.[152]
In Chapters 6 and 7, we discussed the synthesis of polyurethanes and alternating
poly(amide urethane)s from the cyclic monomers tetramethylene urea (TeU), ethylene
carbonate (EC), 1,2-propylene carbonate (PC), and/or γ-butyrolactone (γBL). Although
cyclic monomers are used as starting materials, the polymerization initiated with Bu2Mg
as a nucleophile does not follow a chain-growth but a step-growth mechanism. This is
because Bu2Mg reacts with TeU to form a salt which then reacts with EC, PC, or γBL to
form an AB-type monomer, which is typical for polycondensation reactions. The polymer
is finally obtained from this AB monomer in a step-growth mechanism.
In Chapter 8, we reported on the synthesis of poly(urea urethane)s from N -(hy-
droxyalkyl)-2-oxo-1,3-diazepane-1-carboxamides by a step-growth mechanism. From a
retrosynthetic point of view, these poly(urea urethane)s are alternating copolymers of
tetramethylene urea and cyclic urethane building blocks (Equation 9.1).
In this chapter we report on the possibility to synthesize poly(urea urethane)s, with the
microstructure as discussed in Chapter 8, from TeU and cyclic urethanes, i.e., dimethylene
urethane (DMU) and trimethylene urethane (TMU). In addition, special emphasis is put
on differences in the microstructure and thermal properties of the poly(urea urethane)s
obtained from N -(hydroxyalkyl)-2-oxo-1,3-diazepane-1-carboxamides or TeU and cyclic
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9.3 Experimental Part
9.3.1 Materials
The synthesis of dimethylene urethane (DMU),[35] trimethylene urethane (TMU),[29] tetra-
methylene urea (TeU; Chapter 6), and poly(urea urethane)s 75a–b from N -(hydroxyal-
kyl)-2-oxo-1,3-diazepane-1-carboxamides 74a–b with DABCO as a catalyst (Chapter 8)
was described previously. Formic acid (> 99%, Merck) and dibutylmagnesium (Bu2Mg,
Aldrich), 1.0 m solution in heptane, were used as received. Where necessary, the reactions
were conducted in a nitrogen atmosphere. Nitrogen (Linde) was passed over molecular
sieves (4 A˚) and finely distributed potassium on aluminum oxide for purification.
9.3.2 Measurements
1H and 13C NMR spectra were recorded on a Bruker DPX-300 FT-NMR spectrometer at
300 and 75 MHz, respectively. Deuterated dimethyl sulfoxide (DMSO-d6) was used as a
solvent, and tetramethylsilane (TMS) served as an internal standard.
Gel permeation chromatography (GPC) analyses were carried out on a high-
temperature GPC at 80 ◦C (Polymer Laboratories PL-GPC210 with a Bischoff HPLC
compact pump) using a refractive index detector (Polymer Laboratories). The eluting
solvent was N,N -dimethylacetamide (DMAc) with 2.44 g·L−1 LiCl and a flow rate of
0.8 mL·min−1. Four columns with MZ-DVB gel were applied: length of each column,
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300 mm; diameter, 8 mm; diameter of gel particles, 5 µm; nominal pore widths, 100, 100,
103, 104 A˚. Calibration was achieved using polystyrene standard samples with a narrow
molecular weight distribution.
Differential scanning calorimetric (DSC) analyses were performed on a Netzsch DSC
204 in a nitrogen atmosphere. All samples were annealed for 1 h at a given temperature
closely below their melting temperature. Heating and cooling rates of 10 K·min−1 were
applied. Calibration was achieved using indium standard samples.
Thermogravimetric analyses (TGA) were performed on a TG 209 C with a TA-System-
Controller TASC 414/4 from Netzsch. The measurements were performed in a nitrogen
atmosphere with a heating rate of 10 K·min−1.
9.3.3 Copolymerization of TeU with TMU
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TeU (270 mg, 2.37 mmol) and TMU (239 mg, 2.37 mmol) were heated to 120 ◦C; Bu2Mg
(25 µL) was then added, and the polymerization occurred within 24 h in a nitrogen at-
mosphere. The product was dissolved in formic acid (6 mL) and precipitated into water.
The product was dried under vacuum (10−2 mbar) at 50 ◦C. Yield: 324 mg (1.51 mmol;
64%).
1H NMR (DMSO-d6; 80
◦C): δ = 1.41 (m, 4H, H-4, H-5), 1.68 (m, 2H, H-10), 3.06
(m, 6H, H-3, H-6, H-9), 3.98 (t, 2H, H-12, 3J = 6.6 Hz), 5.60 (m, 2H, H-7), 6.58 (m, 1H,
H-2) ppm.
13C NMR (DMSO-d6; 80
◦C): δ = 27.50 (C-4), 28.06 (C-5), 30.44 (C-10), 37.04 (C-9),
39.75 (C-3), 39.81 (C-6), 62.34 (C-11), 156.82 (C-1), 158.79 (C-8) ppm.
GPC (DMAc/LiCl): M¯n = 15 900; M¯w = 28 400; M¯w/M¯n = 1.79.
9.4 Results and Discussion
The synthesis of [n]-polyurethanes from cyclic urethanes was intensively studied by our
group.[29–34] The [3]-polyurethane, however, could not be prepared from dimethylene ure-
thane (DMU). Calorimetric studies by Lebedev and co-workers showed that ring-opening
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Scheme 9.1: Synthesis of poly(urea urethane)s 75a–b by the copolymerization of TeU
6 with TMU 9 or by polycondensation of N -(hydroxyalkyl)-2-oxo-1,3-diazepane-1-car-
boxamides 74a–b; (i) 6/8 = 1/3, Bu2Mg, T = 100 or 150
◦C; (ii) 6/9 = 1/1, Bu2Mg,
T = 120 ◦C, t = 24 h; (iii) 74a–b, DABCO (5 wt.-%), T = 150 ◦C, t = 48 h.
polymerization of cyclic urethanes (trimethylene urethane to dodecamethylene urethane)
is thermodynamically allowed, but for dimethylene urethane and 2-methyltrimethylene
urethane it is slightly hindered, and in the case of 2,2-dimethyltrimethylene urethane the
polymerization is substantially hindered.[35, 36]
Research on the copolymerization of other non-homopolymerizable monomers, i.e.,
ethylene carbonate (EC), 1,2-propylene carbonate (PC), and γ-butyrolactone (γBL), with
tetramethylene urea (TeU) led us to the idea to copolymerize TeU with DMU. The same
procedure as for the copolymerization of TeU with EC, PC, or γBL was followed, i.e.,
1 equiv. of TeU 6 was reacted with 3 equiv. of DMU 8 for 24 h at 100 ◦C in the presence of
dibutylmagnesium (Bu2Mg) as a catalyst (Scheme 9.1). However, TeU did not react with
DMU under these reaction conditions. 1H and 13C NMR analysis indicated that both
rings remained intact. Therefore, the reaction was repeated, but now the temperature
was raised to 150 ◦C. However, 1H and 13C NMR analysis indicated that under these
reaction conditions Bu2Mg initiates the ring-opening polymerization of TeU to form the
[5]-polyurea; the DMU ring remains intact. This indicates that poly(urea urethane) 75a
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cannot be obtained by the copolymerization of TeU with DMU in the presence of Bu2Mg
as a catalyst, although the polymer, from a retrosynthetic point of view, is an alternating
copolymer of these cyclic building blocks.
Copolymerization of TeU 6 with trimethylene urethane (TMU, 9) in the presence of
Bu2Mg as a catalyst in bulk at 120
◦C (no melt is obtained at 100 ◦C) results in a poly-
mer (Scheme 9.1). Because TMU can homopolymerize to form the [4]-polyurethane,[29]
1 equiv. of TMU was copolymerized with 1 equiv. of TeU.
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Figure 9.1: GPC traces of poly(urea urethane) 75b obtained from (a) N -(hydroxypro-
pyl)-2-oxo-1,3-diazepane-1-carboxamide or (b) TeU and TMU.
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Figure 9.1 shows GPC traces of poly(urea urethane) 75b obtained from N -(hydroxy-
propyl)-2-oxo-1,3-diazepane-1-carboxamide 74b (Figure 9.1a) or TeU 6 and TMU 9 (Fig-
ure 9.1b). It is clear from these GPC traces that poly(urea urethane) 75b obtained from
N -(hydroxypropyl)-2-oxo-1,3-diazepane-1-carboxamide exerts a lower molecular weight
(M¯n = 8 600; M¯w = 14 400) than poly(urea urethane) 75b obtained from TeU and TMU
(M¯n = 15 900; M¯w = 28 400). Furthermore, the GPC trace in Figure 9.1a shows a uni-
modal elution curve (M¯w/M¯n = 1.68), although at Ve = 34–35 mL side products are ob-
served (oligomers or cycles), and in Figure 9.1b a bimodal elution curve (M¯w/M¯n = 1.79).
The bimodal elution curve is explained by the fact that the polymer precipitates at a cer-
tain molecular weight—after a certain monomer conversion has been reached—leading to
a heterogenous system.
The 1H NMR spectra of the purified poly(urea urethane) 75b obtained from N -(hy-
droxypropyl)-2-oxo-1,3-diazepane-1-carboxamide or TeU and TMU are shown in Fig-
ure 9.2. The spectra reveal that both poly(urea urethane)s have the same microstructure.
Two distinct resonance lines for the proton(s) of the urethane and urea groups with a
intensity ratio of 1:2 are observed at δ = 6.58 and 5.60 ppm, respectively. The methylene
protons adjacent to the oxygen atom are found at δ = 3.98 ppm. The triplet of minor
intensity at δ = 4.17 ppm is attributed to end group protons. The other methylene proton
resonance lines are found at δ = 3.06 (partially covered by the residual water signal), 1.68,
and 1.41 ppm. Furthermore, Figure 9.2b shows compared with Figure 9.2a some extra
signals of minor intensity at δ = 1.58, 1.85, 3.78, and 3.86 ppm. The signals at δ = 3.20
and 3.46 ppm are also depicted in Figure 9.2a, however, with different intensity. A clear
assignment is not possible at this moment, however, it is likely that these signals of minor
intensity belong to either end group protons or protons of different sequences of repeating
units.
In addition, the microstructure of the poly(urea urethane) 75b obtained from TeU
and TMU was analyzed by means of 13C NMR spectroscopy which is sensitive to se-
quence effects. Because TMU as well as TeU homopolymerize under the reaction condi-
tions applied—TeU starts to homopolymerize at T > 100 ◦C in the presence of strong
bases—the formation of a blend may be possible. The 13C NMR chemical shifts of
poly(trimethylene urethane) in DMSO-d6 at 80
◦C, as found in the literature,[30] are 29.4
(CH2), 37.5 (CH2N), 61.7 (CH2O), and 156.3 ppm (CO). Because poly(tetramethylene
urea) is insoluble in DMSO-d6,
13C NMR data are recorded in TFA-d: δ = 27.57 (CH2),
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Figure 9.2: 1H NMR spectra in DMSO-d6 of poly(urea urethane) 75b obtained from (a)
N -(hydroxypropyl)-2-oxo-1,3-diazepane-1-carboxamide (spectrum taken at 100 ◦C) or (b)
TeU and TMU (spectrum taken at 80 ◦C; T = TMS; D = DMSO; H = water; * = end
group).
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43.26 (CH2N), and 161.43 ppm (CO).
[12] However, Figure 9.3 shows the signals of the
carbonyl carbon atoms at δ = 156.82 (urethane) and 158.79 ppm (urea), which both
do not correspond to the carbonyl carbon atoms of the homopolymers. Furthermore,
three signals at δ = 37.04, 39.75, and 39.81 ppm are found for methylene carbons ad-
jacent to a nitrogen atom of a urethane or urea group, whereas two signals would be
expected for a blend. In addition, the methylene carbon of poly(trimethylene urethane)
at δ = 29.4 ppm is not depicted in Figure 9.3 and, therefore, the formation of a blend
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is excluded. The resonance lines of the methylene carbons of the TeU repeating unit
in the poly(urea urethane) are found at δ = 27.50, 28.06, 39.75, and 39.81 ppm. The
methylene carbons of the TMU repeating unit in the poly(urea urethane) are found at
δ = 30.44, 37.04, and 62.34 ppm. Furthermore, all signals are accompanied by small
signals of minor intensity. It is likely that these signals are due to different sequences
of TeU and TMU, e.g., TeU–TMU–TMU–TeU (urea–urethane–urethane) or TeU–TeU–
TMU–TeU (urea–urea–urethane) sequences (Figure 9.3). This indicates that the obtained
polymer is not a strictly alternating poly(urea urethane) and contains some defects.
9.4.1 Thermal Properties
In order to determine the influence of the microstructure on the thermal properties, both
poly(urea urethane)s 75b were analyzed by means of TGA and DSC.
The TGA thermogram of poly(urea urethane) 75b obtained from TeU and TMU (Fig-
ure 9.4b) shows a clear three-step decomposition. It is assumed that the first maximum
(at 240 ◦C) corresponds to the elimination of TMU and the formation of a polyurea. The
second maximum (at 311 ◦C) is assigned to the elimination of TeU and the third maxi-
mum (at 410 ◦C) to the fragmentation of the newly formed polyurea. The intramolecular
elimination of cycles is known from the literature, in particular the formation of five- and
six-membered cycles is well documented.[56, 57, 78] This corresponds to the expected ring-
formation probability; five- and six-membered rings have high formation probabilities.
The TGA thermogram of poly(urea urethane) 75b obtained from N -(hydroxypropyl)-
2-oxo-1,3-diazepane-1-carboxamide (Figure 9.4a) shows a more complex decomposition.
The first maximum (at 244 ◦C) is assigned to the elimination of TMU and the formation
of a polyurea. The newly formed polyurea and residual poly(urea urethane) decomposes
then by random chain cleavage with formation of isocyanates which is characteristic of
urea and urethane linkages.
Table 9.1 shows the temperature of poly(urea urethane) 75b at 5, 10, 50, and 80%
weight loss. Both polymers show no significant difference in thermostability; both start
to decompose at approximately 210–220 ◦C. The temperature at which 5, 10, and 50%
weight loss occurs is for both polymers in the same temperature range. However, the
temperature at which 80% weight loss occurs is for poly(urea urethane) 75b obtained
from TeU and TMU by approximately 56 ◦C higher than for poly(urea urethane) 75b
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Figure 9.4: TGA of poly(urea urethane) 75b obtained from (a) N -(hydroxypropyl)-2-
oxo-1,3-diazepane-1-carboxamide or (b) TeU and TMU; (· · ·) differential curve.
obtained from N -(hydroxypropyl)-2-oxo-1,3-diazepane-1-carboxamide.
In Figure 9.5, DSC traces of poly(urea urethane) 75b obtained from N -(hydroxy-
propyl)-2-oxo-1,3-diazepane-1-carboxamide (Figure 9.5a) or TeU and TMU (Figure 9.5b)
are shown after annealing the samples closely below their melting temperatures. Both
polymers are semicrystalline materials and exert high melting temperatures (Tm = 192.1
and 178.6 ◦C). Furthermore, the DSC trace of poly(urea urethane) 75b obtained from
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Table 9.1: TGA and DSC results of poly(urea urethane) 75b obtained from N -(hy-
droxypropyl)-2-oxo-1,3-diazepane-1-carboxamide 74b or TeU 6 and TMU 9 (DSC results
obtained after annealing; Tx% = T at x% weight loss).
From T5% T10% T50% T80% Tg Tm ∆Hm
◦C ◦C ◦C ◦C ◦C ◦C J·g−1
74b 221 240 302 355 37.0 192.1 37.5
6 and 9 219 233 314 411 58.8 178.6 45.8a
a Polymer melting is accompanied by decomposition
TeU and TMU (Figure 9.5b) shows that the melting transition is accompanied by polymer
decomposition at approximately 210 ◦C. The glass transition temperatures are found to
be 37.5 and 58.8 ◦C, respectively.
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Figure 9.5: DSC of poly(urea urethane) 75b obtained from (a) N -(hydroxypropyl)-2-oxo-
1,3-diazepane-1-carboxamide 74b or (b) TeU 6 and TMU 9.
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9.5 Conclusions
The synthesis of poly(urea urethane)s from tetramethylene urea (TeU) and cyclic ure-
thanes is an interesting alternative isocyanate-free route to the poly(urea urethane)s ob-
tained from N -(hydroxyalkyl)-2-oxo-1,3-diazepane-1-carboxamides. However, we are also
able to synthesize a poly(urea urethane) by ring-opening copolymerization of TeU with
trimethylene urethane (TMU); dimethylene urethane (DMU) cannot be copolymerized
with TeU in bulk with Bu2Mg as a catalyst. Although differences in the microstructure
of both poly(urea urethane)s are found only in signals of minor intensity, which belong
to either end groups or side products, TGA analyses differ. In contrast, the melting
temperatures of both poly(urea urethane)s differ only slightly and are found to be high
(Tm = 178.6 vs. 192.1
◦C). The prepared polymers are interesting materials for coating
applications because they possess good adsorption properties on different types of surfaces
and do not yellow.

Chapter 10
Carbonyl Bis(tetramethylene urea):
Synthesis and Characterization of a
New Chain Extender
10.1 Summary
Carbonyl bis(tetramethylene urea) (CBTeU) is a new compound which has the poten-
tial to act as a chain extender (phosgene analogue) or blocked isocyanate. CBTeU was
synthesized under mild conditions from tetramethylene urea and phosgene.
10.2 Introduction
In the 1970s, a number of new high-temperature stable polymers were commercially
launched such as liquid crystalline polymers (LCPs), polysulfones, polyimides, poly(ether
imide)s, and aromatic polyamides. At that time it was anticipated that these polymers,
the so-called “specialties”, would dominate the market in the near future. However (al-
though successful), the market share of these polymers is still very small.
When realizing this, industry came to the conclusion that new routes had to be followed
which are based on existing polymers and existing processing technologies.
Mechanical properties of polymers depend highly on molecular weight and it is only
after reaching a certain molecular weight that this dependence minimizes or vanishes.
Because polycondensates are prepared in bulk, their viscosity will limit their attainable
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molecular weight. Above a certain level, the viscosity will become too high to empty a
reactor in a reasonable time. Higher molecular weight polymers have to be prepared by
solid-state postcondensation (SSP), whereby polymers are heated for 20–50 h at 200 ◦C
under vacuum. However, this process is very labor and energy intensive, and chemical
routes which can replace this process step will be highly accepted.
Many polymers, in particular polycondensates, have –OH, –NH2, or –COOH functional
end groups, and a different and easy method to increase the molecular weight of poly-
condensates is by means of chain extension in solution or melt with phosgene analogues.
Several chain extenders are known in the literature, e.g., diphenyl carbonate,[50, 123] N,N’ -
carbonyldiimidazole,[124] aliphatic and aromatic bisoxazolines,[125–137] bisepoxides,[138,139]
diisocyanates,[140–142] and N,N’ -carbonyldisuccinimide.[143]
Since recently, DSM sells under the tradename ALLINCO c© a new chain exten-
der, i.e., carbonyl biscaprolactam (CBC, 80), prepared from ε-caprolactam and phos-
gene.[105,106,144–148]
The chain extender CBC 80 consists of two ε-caprolactam rings coupled by a car-
bonyl moiety. It can be used as a phosgene analogue or as a blocked isocyanate.[105,106]
As illustrated in Scheme 10.1, there exist two very different reaction pathways for the
CBC reaction with nucleophiles: first, ring elimination (pathway RE) associated with ε-
caprolactam formation and, secondly, ring opening (pathway RO), which does not produce
ε-caprolactam as a side product.
In the absence of catalysts, primary amines and amine-terminated oligomers react
exclusively via ring elimination, thus producing N -carbamoyl ε-caprolactam-terminated
compounds (1 × RE; at T ≤ 100 ◦C) or urea compounds (2 × RE; at T = 170 ◦C with
CBC/amine = 1:2). Secondary amines react only at high temperatures (T = 170 ◦C) or
in the presence of NaH as a catalyst (at T = 70 ◦C) to yield a complex product mixture.
The reaction pathway RE is typical for the reaction of phosgene[149,150] and many other
phosgene derivatives such as N,N’ -carbonyldiimidazole.[124]
In contrast, CBC also offers the opportunity of nucleophilic attack at the carbonyl
group of the ε-caprolactam ring followed by ring opening (pathway RO). In pathway RO
no ε-caprolactam is eliminated.
The reaction of CBC with primary and secondary alcohols, phenols, and hydroxy-
terminated oligomers is more complex and depends highly on catalyst and reaction condi-
tion. In the absence of a catalyst, the thermal reaction of CBC with alcohols or hydroxy-
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Scheme 10.1: Novel and versatile chemistry of carbonyl biscaprolactam as a chain exten-
der or a blocked isocyanate (εCL = ε-caprolactam; RE = ring elimination; RO = ring
opening).
terminated oligomers at T ≥ 170 ◦C yields N -carboxylate ε-caprolactam-terminated com-
pounds via elimination of one ε-caprolactam (1×RE) together with carbonate (2×RE)
and ester-urethane (RE + RO), both of which result from subsequent reaction of the N -
carboxylate ε-caprolactam-terminated compound with hydroxy groups. In the presence
of a catalyst, e.g., alcoholates or Lewis acids, the predominant reaction is ring opening,
thus producing ester-functional N -carbamoyl ε-caprolactam (1× RO). The obtained N -
carbamoyl ε-caprolactam can react with hydroxy groups either via ring elimination or ring
opening, thus producing ester-urethane and an ester-urea, respectively. The formation of
chelating complexes with catalysts represents the key to control the reactivity of both
carbonyl groups of the ε-caprolactam rings of CBC independently. While at room tem-
perature for primary alcohols or hydroxy-terminated oligomers predominantly ester-urea
formation is observed when using sodium or potassium alcoholates (2 × RO), for sec-
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ondary alcohols there is a minor preference for ester-urethane formation at room temper-
ature (RO + RE). The addition of zirconium alcoholate or magnesium halides, however,
promotes for primary and secondary alcohols as well as hydroxy-terminated oligomers
the predominant formation of ester-functional N -carbamoyl ε-caprolactam (1 × RO; at
100 < T/ ◦C < 150) resulting from mainly ring opening of only one CBC ε-caprolactam
ring. A pronounced preference for ester-urethane formation is observed at higher temper-
atures (RO + RE; T > 150 ◦C).
In this chapter we will report on the synthesis and characterization of carbonyl
bis(tetramethylene urea) (CBTeU) which has the potential to act as a chain extender
(phosgene analogue) or as a blocked isocyanate.
10.3 Experimental Part
10.3.1 Materials
Starting materials and reagents used were of high purity. The synthesis of tetramethylene
urea (TeU, 6) was described previously (Chapter 6). Phosgene (Fluka), 1.93 m solution in
toluene, was used as received. Triethylamine (Riedel de Haen) was distilled from calcium
hydride and chloroform from phosphorus pentoxide.
10.3.2 Measurements
1H and 13C NMR spectra were recorded on a Bruker DPX-300 FT-NMR spectrometer at
300 and 75 MHz, respectively. Deuterated chloroform (CDCl3) was used as a solvent, and
tetramethylsilane (TMS) served as an internal standard.
Mass spectra (EI, 70 eV) were taken on a Finnigan MAT 95 mass spectrometer.
10.3.3 Carbonyl Bis(tetramethylene urea)
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Caution: phosgene is highly toxic; reaction should be exercised in a well-ventilated hood.
Phosgene in toluene (2.6 mL, 5.08 mmol) was added dropwise over a period of 10 min
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under ice cooling and vigorous stirring to a solution of tetramethylene urea (967 mg,
8.47 mmol) and triethylamine (857 mg, 8.47 mmol) in chloroform (5 mL). The reaction
mixture was stirred for 6 h under ice cooling. The reaction mixture is diluted with 2.5 mL
of water and extracted two times with 5 mL of chloroform. After drying the combined
organic phases over anhydrous sodium sulfate and after removal of the solvent under
vacuum, the crude product was purified by means of silica gel chromatography (ethyl
acetate). Yield: 542 mg (2.13 mmol, 50%). Colorless crystals were obtained.
1H NMR (CDCl3): δ = 1.72 (m, 4H, H-4), 1.86 (m, 4H, H-5), 3.29 (dt, 4H, H-3,
3J =
5.3 Hz), 3.71 (m, 4H, H-6), 7.06 (m, 2H, H-2) ppm.
13C NMR (CDCl3): δ = 27.12 (C-4, C-5), 42.71 (C-3), 47.65 (C-6), 146.14 (C-7),
157.62 (C-1) ppm.
MS (EI, 70 eV): m/z (%) = 254 (2) [M+], 199 (6), 176 (15), 170 (12), 141 (59) [M-
TeU-H+], 120 (6), 114 (21) [TeU+], 113 (61) [TeU-H+], 105 (7), 98 (61), 94 (10), 84 (15),
69 (33), 56 (100).
10.4 Results and Discussion
Despite the general acceptance of phosgene as a building block for the synthesis of a wide
variety of industrial chemicals, its high toxicity makes severe precautions necessary when
working with this chemical.[149–151]
Carbonyl bis(tetramethylene urea) (CBTeU, 82) was obtained under mild conditions
from tetramethylene urea (TeU, 6) and phosgene 81 (Scheme 10.2).
Figure 10.1a shows the 1H NMR spectrum of the CBTeU. It clearly reveals every
methylene proton signal of the urea rings at high field, i.e., the methylene protons adjacent
to a nitrogen atom are found at δ = 3.29 and 3.71 ppm and the other methylene protons
HN NH
O
O
ClCl
N
H
N
O
N
O
NH
O
+
6 81 82
Scheme 10.2: Synthesis of carbonyl bis(tetramethylene urea) from tetramethylene urea
and phosgene; 6/81 = 1/0.6, Et3N, CHCl3, T = 0
◦C.
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Figure 10.1: a) 1H and b) 13C NMR spectrum of carbonyl bis(tetramethylene urea) 82 in
CDCl3 (T = TMS; * = ethyl acetate; C = chloroform).
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at δ = 1.72 and 1.86 ppm. The urea protons are found at low field at δ = 7.06 ppm.
The 13C NMR spectrum (Figure 10.1b) shows two carbonyl carbon atoms at low field
at δ = 146.14 and 157.62 ppm. For the methylene carbon atoms, three signals are found,
i.e., the methylene carbon atoms adjacent to a nitrogen atom are found at δ = 42.71 and
47.65 ppm and the two other methylene carbon atoms at δ = 27.12 ppm.
In the future, several reaction conditions have to show—in analogy to CBC—whether
N - and O-nucleophiles can selectively react with a carbonyl carbon of CBTeU in such a
way that CBTeU acts either as a blocked isocyanate or as a phosgene analogue.
10.5 Conclusions
Carbonyl bis(tetramethylene urea) (CBTeU) was synthesized under mild reaction condi-
tions from tetramethylene urea and phosgene and consists of two seven-membered tetra-
methylene urea rings coupled by a carbonyl moiety. Therefore, it has the potential to
act as a chain extender (phosgene analogue) or blocked isocyanate. To the best of our
knowledge, CBTeU was synthesized for the first time in our laboratories.

Chapter 11
Complex Architectures from
Triamines and Phenyl
2-Oxo-1,3-diazepane-1-carboxylate
or (2-Oxo-1,3-dioxolan-4-yl)methyl
Phenyl Carbonate; Preliminary
Results
11.1 Summary
Bis[2-(2-oxo-1,3-dioxolan-4-yl)methyloxycarbonylaminoethyl]amine and bis[6-(2-oxo-1,3-
diazepane)carbonylaminohexyl]amine were successfully synthesized from (2-oxo-1,3-di-
oxolan-4-yl)methyl phenyl carbonate and bis(2-aminoethyl)amine and from phenyl 2-
oxo-1,3-diazepane-1-carboxylate and bis(6-aminohexyl)amine, respectively. NMR spec-
troscopy revealed that exclusively the primary amine reacted, leaving the secondary amine
available for further elaboration. The work-up of bis[2-(2-oxo-1,3-dioxolan-4-yl)methyl-
oxycarbonylaminoethyl]amine turns out to be difficult because of the easy hydrolysis of the
ethylene carbonate rings and its low melting point. On the other hand, bis[6-(2-oxo-1,3-
diazepane)carbonylaminohexyl]amine was obtained in high purity. The functionalization
of various secondary amines, i.e., diethylamine, diisopropylamine, and bis(6-acetamido-
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hexyl)amine, with anhydrides, acid chlorides, and an α,β-unsaturated carbonyl compound
has been studied. This knowledge was then used to functionalize the secondary amine of
bis[6-(2-oxo-1,3-diazepane)carbonylaminohexyl]amine with succinic anhydride or acryloyl
chloride. Subsequently, a polyurea with pendant carboxylic acid groups or a polyacryl-
amide with pendant intramolecularly blocked isocyanate groups was synthesized.
11.2 Introduction
Five-membered cyclic carbonates, such as ethylene carbonate, are unique compounds
which have high polarity,[153] high coordination ability and high reactivity, and have been
widely used as aprotic dipolar solvents,[154] electrolytes for batteries,[155] precursors of 2-
hydroxyethylurethanes,[16–24] and as accelerator in the photopolymerization of urethane
(meth)acrylates for dental applications.[156] Thus, a monomer or polymer bearing five-
membered cyclic carbonate moieties is very attractive.[157–164]
Furthermore, polymers containing a high density of polar substituents are of interest
for optical, magnetical, and electronic applications.[165–167]
Recently, there is an increased interest in the development of polymers with complex
architectures and functions for new coating materials for biomedical applications,[168,169]
electronics,[170,171] sensors,[172,173] and other fields.[174] The interaction between coating
and substrate can be covalent, ionic, dipolar, hydrogen bonding, and hydrophobic in
nature. In particular in thin films and monomolecular films, the polymer has to be
designed to fulfill two requirements: on the one hand, it should bear functional groups
urethane or urea
X: CF3, CH3, OH, SH, halogen, etc.
Y: COOH, COO
-
, SO3H, SO3
-
, PO3H, PO3
-
Y
X X
XX
Y
X X
XX
Figure 11.1: Monomolecular films on well-defined polymer surfaces.
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within the chain branches that ensure strong interaction with the substrate and on the
other hand, the active functionality should be exposed to the environment (Figure 11.1).
In this chapter we report on the synthesis of bis[2-(2-oxo-1,3-dioxolan-4-yl)methyloxy-
carbonylaminoethyl]amine 84 and bis[6-(2-oxo-1,3-diazepane)carbonylaminohexyl]amine
86 from (2-oxo-1,3-dioxolan-4-yl)methyl phenyl carbonate 47 and bis(2-aminoethyl)amine
83 and from phenyl 2-oxo-1,3-diazepane-1-carboxylate 53 and bis(6-aminohexyl)amine
85, respectively. The obtained compounds are used as starting materials for the synthesis
of polymers with polar substituents or molecules with functional groups.
11.3 Experimental Part
11.3.1 Materials
Starting materials and reagents used for the monomer synthesis and polymerization reac-
tions were of high purity. The synthesis of (2-oxo-1,3-dioxolan-4-yl)methyl phenyl carbon-
ate 47 and phenyl 2-oxo-1,3-diazepane-1-carboxylate 53 was described previously (Chap-
ter 5 or 6, respectively). Bis(2-aminoethyl)amine (Aldrich), bis(6-aminohexyl)amine (Flu-
ka), diethylamine (Merck), diisopropylamine (Fluka), 1,6-diaminohexane (Fluka), dimeth-
ylaminoacetyl chloride hydrochloride (Lancaster), acryloyl chloride (Aldrich), phenyl ac-
etate (Aldrich), 4-dimethylaminopyridine (DMAP, Acros Organics), succinic anhydride
(Acros Organics), phthalic anhydride (Aldrich), 3-sulfopropyl acrylate, potassium salt
(Raschig), 2,2’-azobisisobutyronitrile (AIBN, Acros Organics), CuCl2 anhydrous (Fluka)
were used as received. Dichloromethane (Roth) and chloroform (Roth) were distilled
from phosphorus pentoxide, and triethylamine (Riedel de Haen), N,N -dimethylacetamide
(Acros Organics), and acetonitrile (Fluka) from calcium hydride. Where necessary, the
reactions were conducted in a nitrogen atmosphere. Nitrogen (Linde) was passed over
molecular sieves (4 A˚) and finely distributed potassium on aluminum oxide for purifica-
tion.
11.3.2 Measurements
1H and 13C NMR spectra were recorded on a Bruker DPX-300 FT-NMR spectrometer
at 300 and 75 MHz, respectively. Either deuterated chloroform (CDCl3) or dimethyl
sulfoxide (DMSO-d6) was used as a solvent, and tetramethylsilane (TMS) served as an
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internal standard.
Gel permeation chromatography (GPC) analyses were carried out on a high-
temperature GPC at 80 ◦C (Polymer Laboratories PL-GPC210 with a Bischoff HPLC
compact pump) using a refractive index detector (Polymer Laboratories). The eluting
solvent was N,N -dimethylacetamide (DMAc) with 2.44 g·L−1 LiCl and a flow rate of
0.8 mL·min−1. Four columns with MZ-DVB gel were applied: length of each column,
300 mm; diameter, 8 mm; diameter of gel particles, 5 µm; nominal pore widths, 100, 100,
103, 104 A˚. Calibration was achieved using polystyrene standard samples with a narrow
molecular weight distribution.
11.3.3 Bis(6-acetamidohexyl)amine
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Bis(6-aminohexyl)amine 85 (1.51 g, 7.01 mmol) and phenyl acetate (2.00 g, 14.7 mmol)
were dissolved in dichloromethane (6 mL) and stirred for 67 h. The product was purified
by precipitation into ice-cold diethyl ether to yield 1.63 g (5.43 mmol, 78%) of colorless
crystals.
1H NMR (DMSO-d6): δ = 1.25 (m, 8H, H-6, H-7), 1.37 (m, 8H, H-5, H-8), 1.78 (s,
6H, H-1), 2.48 (t, 4H, H-9, 3J = 6.4 Hz), 2.99 (m, 4H, H-4), 3.32 (br s, H-10), 7.83 (t, 2H,
H-3) ppm.
13C NMR (DMSO-d6): δ = 22.50 (C-1), 26.34 (C-6), 26.49 (C-7), 29.07 (C-5), 29.11
(C-8), 38.56 (C-4), 49.13 (C-9), 168.89 (C-2) ppm.
11.3.4 Bis[2-(2-oxo-1,3-dioxolan-4-yl)methyloxycarbonylamino-
ethyl]amine
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Bis(2-aminoethyl)amine 83 (2.82 g, 27.4 mmol) was added dropwise in a period of 2 h
at −5 ◦C to a solution of (2-oxo-1,3-dioxolan-4-yl)methyl phenyl carbonate 47 (14.0 g,
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58.8 mmol) in dichloromethane (43 mL). After stirring for an additional 72 h, the reaction
mixture was precipitated into ice-cold diethyl ether (500 mL). The solvent was removed
from the product by decantation. After washing the product with diethyl ether (10 ×
500 mL), residual solvent was removed at 0 ◦C under reduced pressure (10−2 mbar) to
yield 9.83 g (25.1 mmol, 92%) of colorless crystals which are stored at 0 ◦C. The product
still contains small amounts of (2-oxo-1,3-dioxolan-4-yl)methyl phenyl carbonate.
1H NMR (DMSO-d6): δ = 2.55 (t, 4H, H-8,
3J = 6.4 Hz), 3.06 (m, 4H, H-7), 3.31 (br
s, H-9), 4.22 (m, 6H, H-2, H-4), 4.56 (dd, 2H, H-2, 2J = 8.5 Hz, 3J = 8.5 Hz), 5.00 (m,
2H, H-3), 7.07 (m, 0.2H, H-6(Z)), 7.29 (m, 1.8H, H-6(E)) ppm.
13C NMR (DMSO-d6): δ = 40.40 (C-7), 48.26 (C-8), 63.09 (C-2), 65.80 (C-4), 74.75
(C-3), 154.66 (C-1), 155.64 (C-5) ppm.
11.3.5 Bis[6-(2-oxo-1,3-diazepane)carbonylaminohexyl]amine
N N
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Bis(6-aminohexyl)amine 85 (5.63 g, 26.1 mmol) and phenyl 2-oxo-1,3-diazepane-1-carbox-
ylate 53 (12.56 g, 53.6 mmol) were dissolved in dichloromethane (60 mL) and stirred for
61 h. The reaction mixture was washed with a 5% aqueous NaOH solution (7× 40 mL), a
5% aqueous HCl solution (1× 40 mL), saturated aqueous NaHCO3 solution (1× 40 mL),
and saturated aqueous NaCl solution (2×40 mL). The organic layer was dried over anhy-
drous magnesium sulfate, and the solvent was removed under reduced pressure. Unreacted
phenyl 2-oxo-1,3-diazepane-1-carboxylate was removed by means of silica gel chromatog-
raphy with MeOH/CHCl3 3:97 as the eluent, and the product was obtained by eluting
with methanol. The product was obtained as a yellowish wax. Yield: 9.01 g (18.2 mmol,
70%).
1H NMR (CDCl3): δ = 1.33 (m, 8H, H-11, H-12), 1.52 (m, 8H, H-10, H-13), 1.78 (m,
8H, H-4, H-5), 2.64 (br t, 4H, H-14, 3J = 7.5 Hz), 3.22 (m, 8H, H-3, H-9), 3.80 (t, 4H,
H-6, 3J = 5.3 Hz), 5.44 (t, 2H, H-2, 3J = 4.2 Hz), 8.32 (t, 2H, H-8, 3J = 5.3 Hz) ppm.
13C NMR (CDCl3): δ = 26.08 (C-4), 26.48 (C-5), 26.84 (C-11), 27.00 (C-12), 29.60
(C-10), 29.65 (C-13), 40.32 (C-9), 43.58 (C-3), 44.47 (C-6), 49.74 (C-14), 155.46 (C-7),
178 Chapter 11
163.08 (C-1) ppm.
1H NMR (DMSO-d6): δ = 1.28 (m, 8H, H-11, H-12), 1.42 (m, 4H, H-10), 1.60 (m,
12H, H-4, H-5, H-13), 2.81 (br t, 4H, H-14, 3J = 7.7 Hz), 3.05 (m, 4H, H-3), 3.10 (m, 4H,
H-9), 3.39 (br s, H-15), 3.61 (m, 4H, H-6), 7.18 (t, 2H, H-2, 3J = 4.2 Hz), 8.15 (t, 2H,
H-8, 3J = 5.5 Hz) ppm.
13C NMR (DMSO-d6): δ = 25.30 (C-4), 25.65 (C-11), 25.80 (C-5), 25.83 (C-12), 26.31
(C-13), 29.04 (C-10), 39.44 (C-9), 42.04 (C-3), 43.42 (C-6), 46.55 (C-14), 154.99 (C-7),
161.79 (C-1) ppm.
11.3.6 2-(Diethylcarbamoyl)benzoic Acid
N
O
O
OH
1 2 2 1
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Diethylamine (252 mg, 3.44 mmol) was added to a stirred solution of phthalic anhydride
(509 mg, 3.44 mmol) in chloroform (5 mL) under the exclusion of moisture. After refluxing
the mixture for 19 h, the solvent was removed under reduced pressure, and a sample was
taken for NMR analysis.
1H NMR (CDCl3): δ = 1.02 (t, 3H, H-1,
3J = 7.0 Hz), 1.26 (m, 3H, H-1), 3.10 (q, 4H,
H-2, 3J = 7.0 Hz), 7.27–8.29 (m, 4H, phenyl), 10.33 (br s, H-11) ppm.
13C NMR (CDCl3): δ = 12.03 (C-1), 13.44 (C-1), 38.95 (C-2), 42.97 (C-2), 126.71–
138.96 (phenyl), 169.21 (C-3), 171.15 (C-10) ppm.
11.3.7 3-(Diethylcarbamoyl)propanoic Acid
N
O
O
OH
1 2
3 4
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Diethylamine (375 mg, 5.13 mmol) was added to a stirred solution of succinic anhydride
(513 mg, 5.13 mmol) in chloroform (5 mL) under the exclusion of moisture. After refluxing
the mixture for 19 h, the solvent was removed under reduced pressure, and a sample was
taken for NMR analysis.
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1H NMR (CDCl3): δ = 1.11 (t, 3H, H-1,
3J = 7.2 Hz), 1.21 (t, 3H, H-1, 3J = 7.2 Hz),
2.68 (m, 4H, H-4, H-5), 3.36 (q, 2H, H-2, 3J = 7.2 Hz), 3.39 (q, 2H, H-2, 3J = 7.2 Hz),
10.74 (br s, H-7) ppm.
13C NMR (CDCl3): δ = 12.95 (C-1), 14.03 (C-1), 27.92 (C-4), 29.72 (C-5), 40.68
(C-2), 42.18 (C-2), 171.27 (C-3), 176.67 (C-6) ppm.
1H NMR (DMSO-d6): δ = 0.99 (t, 3H, H-1,
3J = 7.2 Hz), 1.11 (t, 3H, H-1, 3J = 7.0
Hz), 2.40 (m, 2H, H-5), 2.48 (m, 2H, H-4), 3.23 (q, 2H, H-2, 3J = 7.2 Hz), 3.30 (q, 2H,
H-2, 3J = 7.2 Hz), 9.93 (br s, H-7) ppm.
13C NMR (DMSO-d6): δ = 12.99 (C-1), 13.95 (C-1), 27.45 (C-4), 29.47 (C-5), 40 (C-2;
underneath the residual DMSO signal), 41.07 (C-2), 169.97 (C-3), 174.31 (C-6) ppm.
11.3.8 3-[Bis(6-acetamidohexyl)carbamoyl]propanoic Acid
N
H
N N
H
O O
1 2
3 4
5
6
7
8
9
10
O
OH
O
11
12 13
14
Bis(6-acetamidohexyl)amine (566 mg, 1.89 mmol) was added to a stirred solution of suc-
cinic anhydride (189 mg, 1.89 mmol) and triethylamine (201 mg, 1.98 mmol) in chloroform
(9 mL) in a nitrogen atmosphere. After refluxing the reaction for 17 h, the solvent was
removed under reduced pressure, and a sample was taken for NMR analysis.
1H NMR (CDCl3): δ = 1.33 (m, 8H, H-6, H-7), 1.49 (m, 8H, H-5, H-8), 1.98 (s, 6H,
H-1), 2.58 (m, 4H, H-11, H-12), 3.23 (m, 8H, H-4, H-9), 7.14 (t, 2H, H-3, 3J = 5.5 Hz),
11.90 (br s, H-14) ppm.
13C NMR (CDCl3): δ = 23.07 (C-1), 26.17 (C-6), 26.25 (C-6), 26.46 (C-7), 26.60 (C-
7), 27.49 (C-8), 28.77 (C-11), 29.17 (C-8), 29.29 (C-5), 29.37 (C-5), 31.88 (C-12), 39.14
(C-4), 39.38 (C-4), 45.39 (C-9), 47.64 (C-9), 170.57 (C-2), 172.19 (C-10), 177.89 (C-13)
ppm.
1H NMR (DMSO-d6): δ = 1.28 (m, 8H, H-6, H-7), 1.40 (m, 6H, H-5, H-8), 1.52 (m,
2H, H-8), 1.80 (s, 6H, H-1), 2.39 (m, 2H, H-12), 2.48 (m, 2H, H-11), 3.01 (dt, 2H, H-4,
3J = 5.8 Hz), 3.03 (dt, 2H, H-4, 3J = 5.8 Hz), 3.20 (t, 2H, H-9, 3J = 7.5 Hz), 3.23 (t, 2H,
H-9, 3J = 7.9 Hz), 6.22 (br s, H-14), 7.87 (t, 1H, H-3, 3J = 5.1 Hz), 7.89 (t, 1H, H-3, 3J =
5.1 Hz) ppm.
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13C NMR (DMSO-d6): δ = 22.45 (C-1), 25.98 (C-6), 26.06 (C-6), 26.17 (C-7), 27.27
(C-8), 27.73 (C-11), 28.42 (C-8), 29.00 (C-5), 29.95 (C-12), 38.40 (C-4), 45.07 (C-9), 46.92
(C-9), 169.00 (C-2), 170.57 (C-10), 174.59 (C-13) ppm.
11.3.9 3-{Bis[6-(2-oxo-1,3-diazepane)carbonylaminohexyl]car-
bamoyl}propanoic Acid
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Succinic anhydride (162 mg, 1.62 mmol) was added to a stirred solution of bis[6-(2-oxo-1,3-
diazepane)carbonylaminohexyl]amine 86 (802 mg, 1.62 mmol) and triethylamine (164 mg,
1.62 mmol) in chloroform (8 mL) at 60 ◦C in a nitrogen atmosphere. After stirring the
reaction for 17 h at 60 ◦C, the solvent was removed under reduced pressure to afford a
yellowish oil. The crude product was purified by means of silica gel chromatography.
First, ethyl acetate was used for the removal of impurities, followed by the elution of the
product with methanol. The product was dried under vacuum (10−2 mbar) at 50 ◦C to
give a yellowish oil. Yield: 924 mg (1.55 mmol, 96%).
1H NMR (DMSO-d6): δ = 1.27 (m, 8H, H-11, H-12), 1.41 (m, 6H, H-10, H-13), 1.51
(m, 2H, H-13), 1.60 (m, 8H, H-4, H-5), 2.41 (m, 2H, H-17), 2.47 (m, 2H, H-16), 3.05 (m,
4H, H-3), 3.09 (m, 4H, H-9), 3.19 (t, 2H, H-14, 3J = 7.5 Hz), 3.21 (t, 2H, H-14, 3J = 7.9
Hz), 3.61 (m, 4H, H-6), 7.15 (t, 2H, H-2, 3J = 4.1 Hz), 8.15 (t, 2H, H-8, 3J = 4.7 Hz)
ppm.
13C NMR (DMSO-d6): δ = 25.79 (C-4), 25.90 (C-11), 26.04 (C-11), 26.10 (C-12),
26.15 (C-12), 26.29 (C-5), 27.24 (C-13), 27.35 (C-16), 28.36 (C-13), 29.19 (C-10), 29.83
(C-17), 31.28 (C-9), 42.04 (C-3), 43.42 (C-6), 46.83 (C-14), 154.95 (C-7), 161.81 (C-1),
170.24 (C-15), 174.08 (C-18) ppm.
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11.3.10 Polyurea with a Pendant Carboxylic Acid Group
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Succinic anhydride (95 mg, 0.95 mmol) was added to a stirred solution of bis[6-(2-oxo-1,3-
diazepane)carbonylaminohexyl]amine 86 (471 mg, 0.95 mmol) and triethylamine (96 mg,
0.95 mmol) in DMAc (5 mL) at 60 ◦C in a nitrogen atmosphere. After stirring the re-
action for 17.5 h at 60 ◦C, 1,6-diaminohexane (110 mg, 0.95 mmol) was added, and the
temperature was raised to 150 ◦C. After stirring for 48 h at 150 ◦C, the crude product
was precipitated into diethyl ether.
1H NMR (DMSO-d6): δ = 1.24–1.45 (m, NHCH2CH2CH2), 2.41 (m, CH2CH2COOH),
2.47 (m, CH2CH2COOH), 3.00–3.22 (m, N(H)CH2), 5.90 (m, NH) ppm.
GPC (DMAc/LiCl): M¯n = 3 400; M¯w = 4 700; M¯w/M¯n = 1.38.
11.3.11 N,N -Diisopropylacrylamide
N
O
1 2
3
4 5
Acryloyl chloride (740 mg, 8.17 mmol) in dichloromethane (7 mL) was added dropwise to
a stirred solution of diisopropylamine (689 mg, 6.81 mmol) and triethylamine (827 mg,
8.17 mmol) in dichloromethane (7 mL) at 0 ◦C in a nitrogen atmosphere. After stirring
the resultant mixture for 7 h at room temperature, a sample was taken for NMR analysis.
1H NMR (DMSO-d6): δ = 1.27 (m, 12H, H-1), 3.70 (m, 1H, H-2), 4.06 (m, 1H, H-2),
5.54 (dd, 1H, H-5(E),
2J = 2.3 Hz, 3J = 10.6 Hz), 5.97 (dd, 1H, H-5(Z),
2J = 2.4 Hz, 3J =
16.8 Hz), 6.66 (dd, 1H, H-4, 3J (Z) = 10.6 Hz,
3J (E) = 16.6 Hz) ppm.
13C NMR (DMSO-d6): δ = 20.45–20.89 (C-1), 54.88 (C-2), 125.00 (C-5), 131.31 (C-4),
165.00 (C-3) ppm.
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11.3.12 N,N -Di[6-(2-oxo-1,3-diazepane)carbonylaminohexyl]-
acrylamide
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Acryloyl chloride (364 mg, 4.02 mmol) in chloroform (5 mL) was added dropwise to
a stirred solution of bis[6-(2-oxo-1,3-diazepane)carbonylaminohexyl]amine 86 (1.99 g,
4.02 mmol) and triethylamine (407 mg, 4.02 mmol) in chloroform (30 mL) at 0 ◦C in a
nitrogen atmosphere. The reaction was stirred for 2 h at 0 ◦C before being filtered. The
solvent was washed with water (50 mL) followed by saturated aqueous NaCl solution
(3× 50 mL). The organic fraction was dried over anhydrous magnesium sulfate, and the
product was stored in chloroform. A small sample was taken for NMR analysis, from
which the solvent was removed under reduced pressure to yield a yellow oil.
1H NMR (CDCl3): δ = 1.34 (m, 8H, H-11, H-12), 1.53 (m, 8H, H-10, H-13), 1.78 (m,
8H, H-4, H-5), 3.29 (m, 12H, H-3, H-9, H-14), 3.80 (m, 4H, H-6), 5.66 (dd, 1H, H-17(E),
2J = 2.1 Hz, 3J = 10.4 Hz), 5.97 (m, 2H, H-2), 6.32 (dd, 1H, H-17(Z),
2J = 2.1 Hz, 3J =
16.8 Hz), 6.54 (dd, 1H, H-16, 3J (Z) = 10.2 Hz,
3J (E) = 16.6 Hz), 8.33 (m, 2H, H-8) ppm.
13C NMR (CDCl3): δ = 25.98 (C-4), 26.43 (C-5, C-11), 26.62 (C-11), 26.68 (C-12),
26.72 (C-12), 27.68 (C-13), 29.56 (C-10, C-13), 40.14 (C-9), 40.25 (C-9), 43.37 (C-3), 44.38
(C-6), 46.55 (C-14), 48.04 (C-14), 127.59 (C-17), 129.23 (C-16), 155.47 (C-7), 155.51 (C-
7), 163.00 (C-1), 163.04 (C-1), 165.86 (C-15) ppm.
11.3.13 Polymerization of N,N -Di[6-(2-oxo-1,3-diazepane)car-
bonylaminohexyl]acrylamide
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n
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In acetonitrile: N,N -di[6-(2-oxo-1,3-diazepane)carbonylaminohexyl]acrylamide 91
(396 mg, 0.72 mmol) and AIBN (6 mg, 0.036 mmol) were dissolved in chloroform (1 mL),
and the reaction mixture was stirred for 18 h at 70 ◦C. Evaporation of the solvent under
reduced pressure yielded a yellow oil.
GPC (DMAc/LiCl): The GPC trace is trimodal with peak molar masses of Mp =
13 000, Mp = 3 300, and Mp = 2 000.
In chloroform: N,N -di[6-(2-oxo-1,3-diazepane)carbonylaminohexyl]acrylamide 91
(946 mg, 1.72 mmol) and AIBN (14 mg, 0.086 mmol) were dissolved in chloroform (2 mL),
and the reaction mixture was stirred for 1 week at 50 ◦C. Evaporation of the solvent under
reduced pressure yielded a yellow solid (747 mg).
GPC (DMAc/LiCl): The GPC trace is trimodal with peak molar masses of Mp =
8 300, Mp = 3 500, and Mp = 2 100.
11.3.14 3-[3-(Diethylamino)propanoyloxy]propane-1-sulfonic
Acid, Potassium Salt
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Diethylamine (67 mg, 0.92 mmol) was added to a stirred solution of 3-sulfopropyl acry-
late, potassium salt 94 (223 mg, 0.96 mmol) and CuCl2 (6 mg) in dry DMSO-d6 (3.5 mL)
at 40 ◦C under the exclusion of moisture. The reaction was stirred for 7 h at 40 ◦C after
which a sample was taken for NMR analysis.
1H NMR (DMSO-d6): δ = 0.93 (t, 6H, H-1,
3J = 7.0 Hz), 1.90 (m, 2H, H-7), 2.42 (m,
6H, H-2, H-4), 2.52 (m, 2H, H-8), 2.66 (t, 2H, H-3, 3J = 6.2 Hz), 4.07 (t, 2H, H-6, 3J =
6.6 Hz) ppm.
13C NMR (DMSO-d6): δ = 11.74 (C-1), 24.72 (C-7), 32.06 (C-4), 47.81 (C-2, C-3),
47.81 (C-8), 63.15 (C-6), 172.15 (C-5) ppm.
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11.3.15 2-(Dimethylamino)-N,N -diisopropylacetamide
N
O
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Triethylamine (896 mg, 8.86 mmol) was added slowly to a stirred mixture of diisopropy-
lamine (359 mg, 3.54 mmol), dimethylaminoacetyl chloride hydrochloride 97 (6.72 mg,
4.25 mmol), and DMAP (9 mg) in DMAc (13 mL) at 70 ◦C in a nitrogen atmosphere.
The obtained dark brown solution was stirred for 16 h at 70 ◦C, then the solvent was
removed under reduced pressure to yield a dark brown solid.
1H NMR (DMSO-d6): δ = 1.27 (d, 12H, H-1,
3J = 6.4 Hz), 2.85 (s, 6H, H-5), 3.31 (m,
2H, H-2), 4.12 (s, 2H, H-4) ppm.
13C NMR (DMSO-d6): δ = 18.39 (C-1), 42.82 (C-5), 45.91 (C-2), 57.37 (C-4), 164.28
(C-3) ppm
11.4 Results and Discussion
A procedure was recently described in which polyhydroxyurethanes can be formed in
quantitative yield from diamines and (2-oxo-1,3-dioxolan-4-yl)methyl phenyl carbonate
(Chapter 5). During this reaction, the amino groups react with the carbonyl carbon
atoms of the carbonate groups under ring opening and substitution to form urethane
moieties and pendant hydroxy groups. The reactivity of the carbonate groups, however,
is significantly different. At low temperatures (T < 0 ◦C), amine reacts exclusively with
the O-phenyl carbonate moiety and thus leaving the ethylene carbonate ring intact.[68, 175]
The synthesis of bis[2-(2-oxo-1,3-dioxolan-4-yl)methyloxycarbonylaminoethyl]amine
84 was achieved by reacting (2-oxo-1,3-dioxolan-4-yl)methyl phenyl carbonate 47 with
bis(2-aminoethyl)amine 83 at −5 ◦C. It should be mentioned that the primary amine of
bis(2-aminoethyl)amine reacts exclusively under the reaction conditions applied, leaving
the secondary amine available for further elaboration (Scheme 11.1).
The purification of 84 turned out to be problematic because of easy hydrolysis of
the ethylene carbonate ring. It was tried to purify 84 by means of continuous liquid
extraction. Therefore, 84 was dissolved in water, and diethyl ether was used to extract
the by-product phenol from the product. However, the ethylene carbonate ring was
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Scheme 11.1: Synthesis of bis[2-(2-oxo-1,3-dioxolan-4-yl)methyloxycarbonylaminoeth-
yl]amine 84 from (2-oxo-1,3-dioxolan-4-yl)methyl phenyl carbonate 47 and bis(2-ami-
noethyl)amine 83; 47/83 = 2.1/1, CH2Cl2, T = −5 ◦C, t = 48–74 h.
hydrolyzed. In another approach, we tried to purify the product by washing the dichloro-
methane solution with a 5% aqueous NaOH solution which extracts phenol as phenolate to
the aqueous phase. However, also in this approach the ethylene carbonate was hydrolyzed.
The product was finally purified by precipitation of the dichloromethane solution into
ice-cold diethyl ether to yield a fine colorless powder with a melting point below room
temperature.
Figure 11.2 shows the 1H NMR spectrum of purified bis[2-(2-oxo-1,3-dioxolan-4-
yl)methyloxycarbonylaminoethyl]amine 84 in DMSO-d6. The protons of the newly
formed urethane groups are found at δ = 7.29 (E conformer) and 7.07 ppm (Z con-
former), and the methylene protons of the triamine unit at δ = 2.55 (CONHCH2CH2)
and 3.06 ppm (CONHCH2). The methine proton of the ethylene carbonate ring is found
at δ = 5.00 ppm and the methylene protons of the ethylene carbonate ring, which show
two separate signals, are found at δ = 4.56 and 4.22 ppm. The methylene protons adja-
cent to the oxygen atom of the urethane groups are found at δ = 4.22 ppm. Small signals
of minor intensity are found at δ = 5.15, 4.33–4.50, and around 7 ppm which belong to
residual (2-oxo-1,3-dioxolan-4-yl)methyl phenyl carbonate.
The 13C NMR spectrum of bis[2-(2-oxo-1,3-dioxolan-4-yl)methyloxycarbonylamino-
ethyl]amine 84 shows the carbonyl carbon atoms of the newly formed urethane groups at
δ = 155.64 and of the carbonate groups at 154.66 ppm (Figure 11.3). The carbon atoms
of the triamine unit are found at δ = 40.40 and 48.26 ppm, and of the ethylene carbonate
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Figure 11.2: 1H NMR spectrum of bis[2-(2-oxo-1,3-dioxolan-4-yl)methyloxycarbonylami-
noethyl]amine 84 in DMSO-d6 (T = TMS; H = H2O; * = (2-oxo-1,3-dioxolan-4-yl)methyl
phenyl carbonate).
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Figure 11.3: 13C NMR spectrum of bis[2-(2-oxo-1,3-dioxolan-4-yl)methyloxycarbonylami-
noethyl]amine 84 in DMSO-d6 (T = TMS; D = DMSO).
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Scheme 11.2: Synthesis of bis[6-(2-oxo-1,3-diazepane)carbonylaminohexyl]amine 86 from
phenyl 2-oxo-1,3-diazepane-1-carboxylate 53 and bis(6-aminohexyl)amine 85; 53/85 =
2.05/1, CH2Cl2, rt, t = 48–61 h.
ring at δ = 63.09 and 74.75 ppm. The carbon atoms of the methylene groups adjacent to
the oxygen atom of the urethane groups are found at δ = 65.80 ppm.
In the future, bis[2-(2-oxo-1,3-dioxolan-4-yl)methyloxycarbonylaminoethyl]amine 84
will be used as starting material for the synthesis of polymers with pendant ethylene
carbonate groups, i.e., polymers with a high degree of polar substituents. Furthermore, 84
will be used as starting material for the synthesis of compounds with pendant functional
groups via reaction of the reactive secondary amine with a variety of compounds, such
as anhydrides, epoxides, acid chlorides, or α,β-unsaturated carbonyl compounds (aza-
Michael addition).
The synthesis of bis[6-(2-oxo-1,3-diazepane)carbonylaminohexyl]amine 86 was
achieved by reacting phenyl 2-oxo-1,3-diazepane-1-carboxylate 53 with bis(6-aminohex-
yl)amine 85 at room temperature. The model reaction of diisopropylamine with phenyl
2-oxo-1,3-diazepane-1-carboxylate showed that the sterically hindered secondary amine
does not react under these reaction conditions (Scheme 11.2).
The 1H NMR spectrum of purified bis[6-(2-oxo-1,3-diazepane)carbonylaminohex-
yl]amine 86 in CDCl3 (Figure 11.4) clearly shows distinct resonance lines for each methy-
lene group and two distinct resonance lines for the protons of the urea groups at δ = 5.44
(endocyclic urea protons) and 8.32 ppm (exocyclic urea protons).
The 13C NMR spectrum of purified bis[6-(2-oxo-1,3-diazepane)carbonylaminohex-
yl]amine 86 in CDCl3 shows the carbonyl carbon atoms of the newly formed urea groups
at δ = 155.46 ppm and of the endocyclic carbonyl carbon atoms at δ = 163.08 ppm (Fig-
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Figure 11.4: 1H NMR spectrum of bis[6-(2-oxo-1,3-diazepane)carbonylaminohexyl]amine
86 in CDCl3 (T = TMS; C = chloroform).
ure 11.5). Furthermore, distinct resonance lines are found for each methylene group of the
triamine unit and 1,3-diazepan-2-one ring, indicating that 86 is obtained in high purity.
The free secondary amine moiety was then used to elaborate a variety of reactions. To
investigate the reactivity of secondary amines, several model reactions were carried out
with diethylamine, diisopropylamine, and bis(6-acetamidohexyl)amine.
Figure 11.6 shows the 1H and 13C NMR spectra of 3-(diethylcarbamoyl)propanoic
acid obtained from diethylamine and succinic anhydride. The 1H NMR spectrum (Fig-
ure 11.6a) shows at low field the resonance line of the carboxylic acid proton and at high
field the resonance lines of the methyl and methylene protons. It should be noted that
each methyl or methylene group of the diethylamine unit shows two separate signals. The
methyl protons show two triplets of equal intensity at δ = 1.11 and 1.21 ppm and the
methylene protons two quadruplets at δ = 3.36 and 3.39 ppm. The 13C NMR spectrum
of 3-(diethylcarbamoyl)propanoic acid (Figure 11.6b) shows single resonance lines for the
carbonyl carbon atoms of the amide group at δ = 171.27 ppm and of the carboxylic acid
group at δ = 176.67 ppm. The 13C NMR spectrum reveals two separate signals for each
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Figure 11.5: 13C NMR spectrum of bis[6-(2-oxo-1,3-diazepane)carbonylaminohexyl]amine
86 in CDCl3 (T = TMS; C = chloroform).
methyl and methylene group of the diethylamine unit, too. The methyl carbons are found
at δ = 12.95 and 14.03 ppm and the methylene carbons at δ = 40.68 and 42.18 ppm. The
methylene carbons in between the two carbonyl moieties are found at δ = 27.92 and
29.72 ppm.
Equation 11.1 shows how, for conformational reasons, the formation of two separate
signals for each methyl and methylene group of the diethylamine unit is explained. It is
known from the literature that rotation around bonds with a partial double bond character
is substantially hindered, leading to methylene and methyl groups which are chemically
non-equivalent.[176] Thus, separate signals are found for each methyl and methylene group.
In a successive step, bis[6-(2-oxo-1,3-diazepane)carbonylaminohexyl]amine 86 was
functionalized with succinic anhydride 87 to obtain 3-{bis[6-(2-oxo-1,3-diazepane)carbon-
ylaminohexyl]carbamoyl}propanoic acid 88 (Scheme 11.3). The derivatization of 86 with
succinic anhydride was performed in chloroform, for 17 h at 60 ◦C, by using triethylamine
190 Chapter 11
(ppm)
020406080100120140160180
(ppm)
01234567891011
N
O
OH
O
1
2
3
4
5
6
7
6
3
C
C
7
T
T
2 5
4
1
1 1
4,5
2
22
a)
b)
3.343.40
Figure 11.6: a) 1H and b) 13C NMR spectrum of 3-(diethylcarbamoyl)propanoic acid in
CDCl3 (T = TMS; C = chloroform).
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as a catalyst. The yield was almost quantitative, and the product was obtained as a
yellowish oil.
The 1H NMR spectrum of 3-{bis[6-(2-oxo-1,3-diazepane)carbonylaminohexyl]carbam-
oyl}propanoic acid 88 in DMSO-d6 confirms the presence of the succinyl group at
δ = 2.41 and 2.47 ppm (Figure 11.7). Compared with the 1H NMR spectrum of the re-
actant bis[6-(2-oxo-1,3-diazepane)carbonylaminohexyl]amine (Figure 11.4), the 1H NMR
Complex Architectures from Triamines and Phenyl 2-Oxo-1,3-diazepane. . . 191
N N
H
H
N
N
H
NHN
O O O
NH
O
O
O
O
+
N N
H
N
N
H
NHN
O O O OO
O
OH
NH
87
88
86
(i)
(ii) H
N
H
N
H
N
H
N
H
N N
H
N
H
N
H
N
O O6 4 6
O
OH
O
O O6 4
89
n
Scheme 11.3: Synthesis of 3-{bis[6-(2-oxo-1,3-diazepane)carbonylaminohexyl]carbamoyl}-
propanoic acid 88 from bis[6-(2-oxo-1,3-diazepane)carbonylaminohexyl]amine 86 and suc-
cinic anhydride 87, and a polyurea with pendant carboxylic acid groups 89 from 88 and
1,6-diaminohexane; (i) 86/87 = 1/1, Et3N, CHCl3, T = 60
◦C, t = 17 h, or 86/87 =
1/1, Et3N, DMAc, T = 60
◦C, t = 17.5 h; (ii) 88/1,6-diaminohexane = 1/1, DMAc,
T = 150 ◦C, t = 48 h.
spectrum of 3-{bis[6-(2-oxo-1,3-diazepane)carbonylaminohexyl]carbamoyl}propanoic acid
(Figure 11.7) reveals two new triplets at δ = 3.19 and 3.21 ppm which belong to the methy-
lene protons adjacent to the newly formed amide moiety. The chemical shifts of all other
signals are not significantly different from those of the reactant, except for the proton of
the endocyclic urea because of recording in different solvents.
In another approach, we synthesized 88 in N,N -dimethylacetamide according to the
same procedure as described above, followed by the addition of equimolar amounts of
1,6-diaminohexane and raising of the temperature to 150 ◦C. Hence, a polyurea with
pendant carboxylic acid groups was obtained (Scheme 11.3). The molecular weight, as
determined by means of GPC, was found to be low (M¯n = 3 400, M¯w = 4 700, M¯w/M¯n =
1.38). 1H NMR spectroscopy (cf. Experimental Part) indicated that the polymer contains
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impurities and, therefore, the reaction as well as the work-up has to be further optimized
to obtain a pure polymer with a higher molecular weight.
In the previous example, we introduced a functional group at the secondary amine
moiety and produced a polyurea by polycondensation of a diamine with the intramolec-
ularly blocked isocyanate. A different approach to polymers with pendant functional
groups comprises two steps: first, the introduction of acrylate groups at the secondary
amine moiety and, secondly, (living) radical polymerization of those groups, leaving the
intramolecularly blocked isocyanate groups to be available for further elaboration.
Bis[6-(2-oxo-1,3-diazepane)carbonylaminohexyl]amine 86 was functionalized with
acryloyl chloride 90 to obtain N,N -di[6-(2-oxo-1,3-diazepane)carbonylaminohexyl]acryl-
amide 91 (Scheme 11.4). The derivatization of 86 with acryloyl chloride was performed
in chloroform, for 2 h at 0 ◦C, by using triethylamine as a base.
The 1H NMR spectrum of N,N -di[6-(2-oxo-1,3-diazepane)carbonylaminohexyl]acryl-
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Scheme 11.4: Synthesis of N,N -di[6-(2-oxo-1,3-diazepane)carbonylaminohexyl]acrylam-
ide 91 from bis[6-(2-oxo-1,3-diazepane)carbonylaminohexyl]amine 86 and acryloyl chlo-
ride 90, and a polyacrylamide with pendant intramolecularly blocked isocyanate groups
92 from 91 by free-radical polymerization; (i) 86/90 = 1/1, Et3N, CHCl3, T = 0
◦C,
t = 2 h; (ii) 91/AIBN = 20/1, CH3CN, T = 70
◦C, t = 18 h, or 91/AIBN = 20/1, CHCl3,
T = 50 ◦C, t = 1 week.
amide 91 in CDCl3 confirms the presence of the double bond with signals at δ = 5.66
(CH2(Z)), 6.32 (CH2(E)), and 6.54 ppm (CH) (Figure 11.8). In addition, a new signal at
δ = 3.29 ppm, which belongs to the methylene protons adjacent to the newly formed
amide moiety, confirms the proposed structure. The original signal of the methylene
protons adjacent to the secondary amine at δ = 2.64 ppm has disappeared. The chemical
shifts of all other signals are not significantly different from that of the reactant.
In a successive step, N,N -di[6-(2-oxo-1,3-diazepane)carbonylaminohexyl]acrylamide
91 was polymerized by free-radical polymerization with 2,2’-azobisisobutyronitrile (AIBN)
as the initiator (Scheme 11.4). The polymerization was performed in acetonitrile, for 18 h
at 70 ◦C, or chloroform, for 1 week at 50 ◦C.[177]
Figure 11.9 shows GPC traces in DMAc of polyacrylamide 92 obtained by free-radical
polymerization in (a) acetonitrile or (b) chloroform. Both traces show a trimodal elu-
tion curve with molecular weights (peak molar mass) of Mp = 13 000, Mp = 3 300, and
Mp = 2 000 (curve a), and Mp = 8 300, Mp = 3 500, and Mp = 2 100 (curve b). A slightly
higher molecular weight for the first fraction is obtained in acetonitrile but, because the
determination of the molecular weight by means of GPC with PS standard samples is
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a relative method, it is impossible to determine the absolute P¯n value.
1H NMR spec-
troscopy should be performed do determine this value. The formation of dimers and
trimers could explain the peaks at Ve ≈ 28 and 29 mL; preparative GPC in combination
with, e.g., NMR spectroscopy should be done to confirm or reject this assumption. All
signals at Ve > 31 mL are apparatus specific signals.
Another idea was the introduction of sulfonic acid or sulfonate groups, which is of in-
terest because of their strong adhesion properties to metals, at the secondary amine moi-
ety of bis[6-(2-oxo-1,3-diazepane)carbonylaminohexyl]amine 86 by Michael reaction.[178]
The aza-Michael addition of primary as well as secondary amines to α,β-unsaturated
compounds is well-known,[179–183] and a variety of catalysts, such as Lewis acids (FeCl3,
TiCl4, AlCl3, etc.),
[180] lanthanide complexes (Yb(OTf)3 or a combination of CeCl3 · 7 H2O
and NaI),[181,182] and copper salts [Cu(OTf)2, Cu(OAc)2, Cu(ClO4)2, CuBr2, CuCl2, and
CuBr],[183] are reported for this reaction.
As a model reaction, the aza-Michael reaction of diethylamine was carried out with
3-sulfopropyl acrylate, potassium salt 94 (in small excess) as the Michael acceptor and
CuCl2 as the catalyst (Scheme 11.5). A highly polar solvent, i.e., DMSO was chosen,
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Figure 11.9: GPC traces in DMAc of polyacrylamide 92 obtained by free-radical polym-
erization in (a) acetonitrile or (b) chloroform.
because 3-sulfopropyl acrylate, potassium salt is not soluble in most common organic
solvents, such as dichloromethane, chloroform, diethyl ether, or toluene.
Figure 11.10 shows the NMR spectrum of 3-[3-(diethylamino)propanoyloxy]propane-
1-sulfonic acid, potassium salt 95 in DMSO-d6. The
1H NMR spectrum (Figure 11.10a)
shows at δ = 4.07 ppm the methylene protons adjacent to the ester group. The methyl
protons are found at δ = 0.93 ppm and all other methylene protons at δ = 1.90
(CH2CH2SO3K) and 2.42–2.66 ppm. Because a small excess of 3-sulfopropyl acrylate,
potassium salt was used, the 1H NMR spectrum shows additional signals of minor inten-
N O SO3K
O
O SO3K
O
N
H
+
93 94 95
Scheme 11.5: Synthesis of 3-[3-(diethylamino)propanoyloxy]propane-1-sulfonic acid, po-
tassium salt 95 from diethylamine 93 and 3-sulfopropyl acrylate, potassium salt 94;
93/94 = 1/1.05, CuCl2 (5 mol-%), DMSO-d6, T = 40
◦C, t = 7 h.
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Figure 11.10: a) 1H and b) 13C NMR spectrum of 3-[3-(diethylamino)propanoyloxy]pro-
pane-1-sulfonic acid, potassium salt 95 in DMSO-d6 (T = TMS; * = 3-sulfopropyl acry-
late, potassium salt; D = DMSO.)
sity which belong to residual 3-sulfopropyl acrylate, potassium salt. The 13C NMR spec-
trum (Figure 11.10b) shows the carbonyl carbon of the ester group at δ = 172.15 ppm
which clearly differs from that of the ester moiety of 3-sulfopropyl acrylate, potassium
salt (δ = 165.22 ppm).
In the future, we will carry out the aza-Michael reaction of bis[2-(2-oxo-1,3-dioxolan-
4-yl)methyloxycarbonylaminoethyl]amine 84 with 3-sulfopropyl acrylate, potassium salt
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Scheme 11.6: Synthesis of 2-(dimethylamino)-N,N -diisopropylacetamide 98 from diiso-
propylamine 96 and dimethylaminoacetyl chloride hydrochloride 97; 96/97 = 1/1.2,
Et3N, DMAP (2 mol-%), DMAc, T = 70
◦C, t = 16 h.
94 as the Michael acceptor and CuCl2 as a catalyst in either highly polar solvents, such
as DMAc, DMF, or DMSO, or acetonitrile/water.
As a last example, we came up with the idea to functionalize the secondary amine
moiety of bis[2-(2-oxo-1,3-dioxolan-4-yl)methyloxycarbonylaminoethyl]amine 84 with a
tertiary amine. Methylation of the tertiary amine group with, e.g., methyl iodide, fol-
lowed by the ring-opening reaction of the intramolecularly blocked isocyanate groups with
hydrophobic alkylamines at elevated temperatures will result in a urea with pendant qua-
ternary ammonium salt groups and hydrophobic alkyl chains—which could be of interest
as antibacterial compounds.[184–187]
As a model reaction, diisopropylamine 96 was reacted with dimethylaminoacetyl chlo-
ride hydrochloride 97 in the presence of 4-dimethylaminopyridine (DMAP) as a catalyst
and 2.5 equiv. of triethylamine as an acid acceptor (Scheme 11.6). A highly polar solvent,
i.e., DMAc was chosen, because dimethylaminoacetyl chloride hydrochloride is not soluble
in most common organic solvents, such as dichloromethane, chloroform, diethyl ether, or
toluene.
However, NMR spectroscopy showed low conversion and additional signals which can-
not be assigned at the moment. Therefore, the reaction has to be further optimized.
11.5 Conclusions
Bis[2-(2-oxo-1,3-dioxolan-4-yl)methyloxycarbonylaminoethyl]amine and bis[6-(2-oxo-1,3-
diazepane)carbonylaminohexyl]amine were successfully synthesized from (2-oxo-1,3-diox-
olan-4-yl)methyl phenyl carbonate and bis(2-aminoethyl)amine and from phenyl 2-oxo-
1,3-diazepane-1-carboxylate and bis(6-aminohexyl)amine, respectively. Several model re-
actions proved the high reactivity of secondary amines and, although the synthesis as well
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as the characterization has to be further optimized, bis[2-(2-oxo-1,3-dioxolan-4-yl)methyl-
oxycarbonylaminoethyl]amine and bis[6-(2-oxo-1,3-diazepane)carbonylaminohexyl]amine
are promising starting materials to synthesize polymers of various complex architectures
and with pendant functional groups.
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